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Preface 

I was impressed by green chemistry the very first time I was introduced 
to it in 2001 by Dr. Mary Kirchhoff at the American Chemical Society 
National Spring meeting. I was so captivated by it that right after this, 
1 began working with undergraduate students on research to develop 
manuals that used greener chemicals and methods while still teaching 
the traditional material typically covered. As the research progressed, 
1 gained a desire to not only develop greener experiments, but also intro- 
duce students to green chemistry in a tangible way that challenges them 
to embrace its vision. I hope that students will become captivated by it 
like I am as they realize green chemistry is a new way of acfually doing 
chemisfry. 1 wanf fhem fo grasp fhaf if requires creafivify, innovafion, and 
ingenuify fo design novel ways fo creafe and synfhesize producfs and fo 
implemenf processes fhaf will eliminafe or greafly reduce fhe environ- 
menfal impacf, and fo be challenged by fhis. If was wifh fhese goals in 
mind fhaf fhe Green Chemistry Laboratory Manual for General Chemistry was 
creafed. 

To realize fhese goals, green chemisfry principles are discussed in 
fhe infroducfory maferial and applied fo fhe experimenfs fhaf will be 
performed. Affer fhey have complefed fhe procedure and analyzed fheir 
resulfs, sfudenfs are challenged in a Think Green inquiry secfion fo con- 
sider whaf principles of green chemisfry are posifively impacfed and fo 
research parficular relevanf topics. Often in fhis secfion fhey are encour- 
aged fo develop a mefhod based on whaf fhey learned and fhen fo fry fheir 
ideas. Af fhe end of each chapfer is fhe Presidential Green Chemistry 
Challenge section. From this, students are able to learn about how the 
green chemistry principles are actually applied in our world. Students 
are asked to look up a Presidential Green Chemistry Challenge award 
that relates to what was studied in the chapter and summarize what was 
accomplished to receive this award. 

But why was the general chemistry laboratory chosen to introduce 
students to green chemistry principles in this way? The general chemistry 
laboratory is an excellent place to inspire students to learn to think green. 
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Preface 



Many of these students will continue on in science or engineering 
professions and work in these areas to contribute to society. Teaching 
them to learn to apply the principles of green chemistry at the start of their 
college science education will allow them more time to firmly establish a 
foundation in the principles of green chemistry that they can later use in 
their future careers. 
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Introduction: Why 
green chemistry? 

A laboratory procedure you are working on requires 
you to measure 20.0 ml of concentrated sulfuric 
acid. Someone bumps you while you are doing fhis 
and fhe acid goes everywhere, including on your 
skin and clofhes. You rush fo fhe safefy shower buf 
sfill end up wifh some chemical burns, a frip fo fhe 
emergency room, and fofally ruined clofhes! 

This lab manual has been designed wifh "greener" procedures so fhaf 
an accidenf like fhe one described above will nof happen. Suppose fhis 
experimenf had been conducfed using vinegar insfead. You would jusf 
rinse off your skin, affempf fo dry your clothes with a paper towel, and 
then spend the rest of fhe day joking wifh your friends abouf how you 
smelled like Easier egg dye. Or beffer yef — ^whaf if insfead fhe procedure 
could be modified fo use a reusable acid cafalysf anchored on a solid? 

This green chemisfry lab manual was developed nof jusf fo prevenf 
accidenfs and make lab sellings safer for you, buf also fo leach you abouf 
green chemisfry. There are many excifing innovafions fhaf have happened 
because of green chemisfry, and even more being developed. While work- 
ing through the experiments in this manual you will learn about some of 
fhem, and hopefully begin fo grasp fhe vision of whaf fhinking as a green 
chemisf really means. 

Buf whaf exacfly is green chemisfry? The Environmenfal Profecfion 
Agency defines green chemisfry as "fhe design, development and imple- 
menfafion of chemical producfs and processes fo reduce or eliminafe fhe 
use and generafion of subsfances hazardous fo human healfh and fhe 
environmenf." This means green chemisfry is nof abouf jusf frying fo find 
ways fo freaf hazardous maferials used or produced or fo develop beffer 
profecfive equipmenf. Insfead, if seeks innovafive ways fo reduce or even 
eliminafe hazards from fhe sfarf. The word reduce is in ifalics fo make 
fhe poinf fhaf jusf because a process is greener, if does nof mean fhaf all 
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hazards have been eliminated. But it does mean that they have been 
significantly reduced in some way. 

There was not really a description for green chemistry until the 
mid-1990s, when Paul Anastas and John Warner created a list of 12 cri- 
teria or principles that can be used when designing chemical processes 
{Green Chemistry: Theory and Practice, 1998, Oxford Universify Press, NY, 
p. 30). These are known as the 12 principles of green chemistry. These 12 prin- 
ciples and a brief explanation of each are listed below. 

1. Prevention: It is always better to prevent hazardous waste than to 
have to clean it up once it has already been created. It is also better to 
design a process to be safe instead of having to figure out ways to pro- 
tect people from toxic chemicals being used or dangerous processes. 

2. Atom economy: If you build a bookcase, you wanf to use as much of 
fhe wood purchased as possible and not have anything wasted. You 
may consider different plausible designs and see which one has the 
least waste and will work the best. Methods of synfhesis should be 
designed in a similar manner — you wanf as many atoms as possible 
from the starting materials to be incorporated into the final product. 

3. Less hazardous chemical synthesis: When you think about chem- 
istry, you may imagine someone in a yellow hazmat suit working 
with some kind of chemical that has a skull and crossbones on the 
bottle. Green procedures attempt to eliminate dangerous chemicals 
like these and use materials that have little or no danger to human 
health and the environment. 

4. Designing safer chemicals: If you could design fwo producfs that 
did the same thing — one that could cause cancer and one that would 
not — ^which one would you make? The answer to that is obvious — 
the one that is less toxic! Products of chemical reactions should do 
what they are designed to, while having minimal toxicity. 

5. Safer solvents and auxiliaries: Using solvents (liquids used to dis- 
solve other materials), separating agents (chemicals that help two 
other things separate completely), or other auxiliaries should be cut 
out of a procedure as much as possible. But, if they are really needed, 
they need to be as harmless as possible. 

6. Design for energy efficiency: You're probably very familiar wifh 
fhis principle if you have ever gone shopping for a TV or refrigera- 
tor. Most appliances advertise how energy efficient they are, or how 
much energy you can save by using them. But, you probably have 
not thought about energy efficiency in the chemistry lab. A chemi- 
cal reaction should be designed to occur at room temperature and 
normal pressure, if possible, to save energy. If heating is necessary, 
it should be designed to be done as efficiently as possible. This could 
even involve using microwaves for heating! 
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7. Use of renewable feedstocks: We place a higher value on some- 
thing if it is limited, and try to protect it. This is the same way we 
should treat our natural resources. Whenever possible, a renewable 
raw material should be used rather than depleting a limited stock of 
another material. 

8. Reduce derivatives: Sometimes in chemistry, certain chemicals are 
used to protect certain parts of a molecule from reacting. Doing this 
or temporarily modifying a product should be done as little as pos- 
sible because it generates additional waste. 

9. Catalysis: A catalyst is something that speeds up the rate of a reac- 
tion, but is not used up in the reaction. You can get it back after the 
reaction has occurred and use it again. A selective catalyst should be 
used when possible. 

10. Design for degradation: Some chemicals stick around and build up 
in the environment, which can cause damage to the ecosystem. The 
end products of a chemical reaction should break down instead of 
persisting in the environment. 

11. Real-time analysis for pollution prevention: Thermostats con- 
stantly monitor the temperature of an area to ensure that it stays 
at just the right temperature. If the room starts to become just a lit- 
tle too hot or too cold, it sends a signal for the heat or air unit to 
come on. Once the set temperature is reached, it signals it to stop. 
In the same way, methods involving chemicals should be constantly 
monitored to prevent the formation of hazardous products, optimize 
yields, and decrease chemical waste. 

12. Inherently safer chemistry for accident prevention: Even though 
safety measures are put in place to prevent accidents, they still hap- 
pen in the lab — you drop a beaker, a bottle rolls off of the counter, 
you spill an acid, etc. When an accident occurs, you want it to cause 
as little damage as possible. This is desired not just for a lab set- 
ting, but also for manufacturing that is going on every day that uses 
chemistry. The chemicals used, all products of the reactions, and the 
processes should be designed to be as safe as possible and to prevent 
accidents. This way, even if an accident occurs, it is not as serious as 
it could have been since the process was designed to make it as safe 
as possible. 

The authors of this manual tried to make labs that would be more 
interesting to you while incorporating as many of the above principles 
into each experiment as possible. With all of these steps taken to make the 
labs safer, they should be completely safe, right? You should be able to do 
a chemical experiment on the counter, lay a sandwich down on it, and be 
able to eat it a few minutes later, shouldn't you? Your lab partner can drink 
what is in a beaker, and nothing should happen to him, right? Wrong! 
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Many have the misconception that green chemistry experiments are com- 
pletely without risk. A procedure can be described as green if it makes 
an improvement in any of the 12 principles. So, conducting procedures 
in a green way does not make safety precautions irrelevant. Rules such 
as not eating or drinking in the lab, wearing safety goggles, and avoiding 
horseplay are still crucial. Once again, even though these experiments are 
designed to be safer, precaufions still need to be observed. Vinegar may 
be much safer fhan sulfuric acid, buf thaf does nof mean you should be 
careless when using if! 

Green chemistry has often been referred fo as prevenfive medicine 
for fhe environmenf. Heavy mefals and ofher foxic materials have to be 
put in special containers, sealed up, and taken to special facilities care- 
fully designed fo prevenf fhem from enfering the environment. If fhey 
are nof disposed of properly, fhey can cause illness and environmenfal 
disasfers. An advanfage for you, your insfrucfor, and the environment 
is that the products of each of these labs normally do not have to be 
disposed of in this special way. Often it is safe fo pour solufions down 
fhe drain (wifh plenty of running wafer), and solid wasfe can offen be 
fhrown direcfly in fhe frash can. Even if the waste does need to be dis- 
posed of in a special manner, if will be one used for less hazardous 
chemicals. This may nof seem like such a big deal fo you, buf if schools 
across the nation began doing procedures in a green way, it could elimi- 
nate tons of hazardous wasfe and reduce the environmental cost of 
chemisfry educafion. 



Laboratory safety, equipment, 
and procedures 

A green chemistry laboratory manual means you 

can't get hurt, right? Wrong! 

While this laboratory manual has been designed with greener procedures 
to cut down on harmful reagents and waste, there are still hazards and 
risks. Accidents may occur, even using greener procedures. However, if 
you use appropriate safety practices, a laboratory can be a reasonably 
safe place. Some common safely procedures you should follow are listed 
below. 



Using glassware 

• Do not use glassware that is cracked. The glassware may break upon 
heating or using. 

• Clean all broken glassware immediately and dispose of it in the 
appropriate receptacle. 

• Keep all glassware clean. Do not store dirty equipment. 



Handling laboratory reagents 

• Always be aware of what you are doing. Study the experiment and know 
the chemical and other hazards before entering the lab. A good way 
to find out about a chemical's hazards is to look up and study its 
(material) safety data sheet ((M)SDS). 

• Report hazardous chemical spills to the instructor when they occur. 
Chemical spills need to be cleaned up immediately and properly. 

• Use a fume hood for all chemicals that may produce hazardous or 
irritating gases or vapors. 
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• Keep flammable liquids away from flames or exposed wiring. If a small fire 
in a beaker occurs, turn off the source that caused the fire and cover 
the beaker with a watch glass. Be sure to tell your instructor about it. 
If a larger fire starts, tell your instructor immediately. Depending 
on the size of the fire and what is burning, it may be necessary to 
evacuate immediately. 

• Always pour concentrated acids into water, never water into acid. 
Heat caused by the reaction may cause splattering. 

• Clean up messes when they occur. If you are unsure of how to properly 
handle a chemical spill, ask your instructor. 

• Keep reagents pure by not contaminating them through using dirty utensils 
or glassware. Not only will your reagents become contaminated, but 
undesirable reactions, even explosions, may occur. 

• Dispose of waste properly. Follow the instructions given to you on 
how to dispose of your chemical waste by your instructor. These 
vary according to how your lab has been designed to accommodate 
chemical wastes and your location's regulations. 

• If a corrosive liquid or any laboratory chemical used in this manual 
gets on your skin, immediately rinse the area with water and alert 
your instructor. 

• Do not inhale large quantities of the reagents when checking the 
odor. Gently waft vapors toward your nose. 

• Never eat or drink anything that has been in the lab, including 
reagents or samples. Eating, drinking, and smoking are not permit- 
ted in any laboratory setting. 



Laboratory attire 

• Wear safety goggles at all times. It is possible there may be flying debris 
from glassware breaking and spilled chemicals. If you wear con- 
tacts, you should remove them. Splashed chemicals and noxious 
gases could cause more damage if you are wearing them. 

• Long, loose hair should be tied back. 

• Wear closed-toe shoes at all times. 

• Wear clothes that give appropriate coverage for protection. Try to avoid 
wearing loose-fitting or very flammable clothing. 



Safety equipment 

• Know when to use and how to use all safety equipment. 

• Know the location and purpose for all safety equipment, includ- 
ing the eye wash station, safety shower, and fire extinguisher. 
Illustrations of some common safety equipment are shown below: 
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Eye wash station 





Fire extinguisher 
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Fire blanket 




Laboratory fume hood 




Safety goggles 
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Common laboratory procedures 

• Pipetting. Always use a bulb when pipetting; never pipet directly by 
mouth. When using a pipet, always make sure that the volume of the 
liquid is greater than the volume of fhe pipef. Hold fhe pipe! verfi- 
cally and use a bulb fo draw fhe liquid up unfil fhe meniscus is over 
fhe efched line. Use your index finger fo plug fhe fop of fhe pipef. 
Wipe fhe oufside of fhe pipef wifh a paper towel and slowly release 
your index finger pressure jusf enough fo lower fhe meniscus down 
fo fhe efched line. Drain fhe liquid info fhe receiving confainer. 
Allow if fo drain for an addifional 15 seconds. Do nof blow ouf fhe 
liquid fhaf remains in fhe fip. Insfead, jusf fouch fhe fip of fhe pipef 
fo fhe side of fhe receiving confainer. 

• Burners. Make sure fhaf fhe rubber fubing has no cracks. Turn on 
fhe gas and ignite fhe burner wifh a sfriker. The femperafure of fhe 
flame is confrolled by adjusfing fhe volume of gas and air fhaf enfers 
fhe burner. Gas flow is confrolled by rofafing fhe small valve af fhe 
base of fhe burner. Airflow is adjusfed by opening or closing fhe 
holes af fhe base of fhe barrel of fhe burner. A blue flame wifh a well- 
defined inner blue cone is fhe hoffesf. 

• Glass tubing. Always use leafher gloves and lubricate glass fubing 
wifh glycerol before inserfing if info rubber sfoppers. Carefully use 
a genfle fwisfing mofion and avoid using foo much force or fhe glass 
may break. 

• Measuring with glassware. Take fhe measuremenf af eye level af fhe 
boffom of fhe meniscus, which is fhe boffom of fhe curve where fhe 
liquid falls. 

• Filtration. Pilfer paper used for gravify filfrafion is mosf eftecfive 
when firsf folded in half, nexf info fourfhs, and fhen one fold opened 
before placing info fhe funnel. When filtering by eifher gravify or 
vacuum filfrafion, seaf fhe filter paper using fhe same solvenf your 
sample is dissolved in. This is nof always wafer. A sfir rod can be 
used fo guide fhe liquid info fhe funnel. In fhe case of vacuum filfra- 
fion, make sure fhe mechanism is airfighf. 

• Centrifuge. Balance a cenfrifuge before fuming if on. When only one 
fube confaining a sample is fo be cenfrifuged, fhis is done by plac- 
ing a fube of equal size filled fo fhe same level wifh wafer opposite 
if. Equally space sample fubes if fhere is more fhan one. Unbalanced 
cenfrifuges will vibrafe and may cause damage fo fhe cenfrifuge. 
Turn off a cenfrifuge and waif for if fo stop. Never fry fo sfop if wifh 
your hand. 
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Common glassware 

Shown below is some common glassware you will be using. Take a few 
minutes to learn their names, and try to identify which ones are present 
in your laboratory drawer or sitting out where you can see them. 




Beaker 



Test tube 




Graduated cylinder 
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Dropper 





Buchner funnel 
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Long-stem funnel 
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VJ 

Volumetric pipet 




Filter flask 
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Buret 
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Tongs 




Centrifuge tube 



Cuvette 




Bunsen burner 
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Watch glass 




Clamp 
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Determining the percent of water 
in epsom salt 

Epsom salt is used in many different ways, it is 
commonly used as a natural beauty enhancement 
for exfoliafing. Gardeners add if fo enrich fheir soil 
in magnesium and sulfur. It is even used for home 
healfh remedies because bafhing in if helps fo soofh 
aches and pains. 

Inorganic sails fhaf incorporafe wafer molecules in a fixed rafio in fheir 
sfrucfure are called hydrafes. Healing a hydrafe will normally evaporafe 
off wafer molecules. Nof all of fhe wafer molecules come off af fhe same 
lime or even af fhe same femperafure. They become the anhydrous form 
when all of fhe wafer molecules are removed. 

The hydrafe fhat will be used in fhis lab is MgS 04 ■ ZHjO, or Epsom 
sail. Removal of all of fhe wafer molecules fo form anhydrous magnesium 
sulfafe is shown in Equafion 1.1. Eor fhis fo occur, fhe femperafure must 
reach at least 225°C. 

MgS 04 - 7 H 20 + Heat ^ MgS 04 + ZHjO (1.1) 

Hydrate Anhydrous salt Water 

Once the mass of fhe magnesium sulfafe leff behind is defermined, 
fhe mass of fhe wafer heafed off can be calculafed and used fo find 
fhe percenf of wafer in fhe Epsom salf. This relafionship is shown in 
Equafion 1.2: 



% Wafer = 



Mass of wafer 

X 100 

Mass of hydrafe 



( 1 . 2 ) 



The percenf error is a good way fo judge how inaccurafe dafa in an 
experimenf is. To find the percent error, the absolute value of the experi- 
mental value subtracted from the theoretical value is divided by the theo- 
retical value and multiplied by 100, as shown in Equation 1.3: 



I theoretical value - experiment value I , 

% error = J- -t— J- x 100 (1.3) 

theoretical value 
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Several analytical techniques will be used in this lab, one of which is 
finding a consfanf mass. A constanf mass is needed for bofh fhe accuracy 
and precision in the results of fhe experimenf. When finding fhe consfanf 
mass, fhe mass will need fo be fhe same from one reading fo the next. 
In this case, the masses will need to be the same within 0.005 g. If fhe 
Epsom salt is not heated to at least 225°C for a long enough fime, if will 
sfill have some magnesium sulfate monohydrate present. A constant mass 
can be obtained after all of fhe wafer molecules have been removed and 
proper analyfical fechniques are used. Proper analytical techniques that 
are important to obtaining a constant mass include making sure the sam- 
ple is completely cooled to room temperature before weighing. It is also 
important not to touch the crucible with your fingers because fhey may 
have oils fhaf can add fo fhe mass obfained. 

Anofher analyfical fechnique infroduced is the use of a desiccator to 
cool the hydrate. A desiccator is an airtight jar or container with a lid that 
has a desiccant, or drying agent, inside to draw or keep moisture from fhe 
sample placed inside. If is used in this experiment to ensure that no water 
is redrawn into the anhydrous magnesium sulfate from the atmosphere 
after heating because it is hygroscopic. Hygroscopic means it will absorb 
water from fhe afmosphere. 

Anhydrous magnesium sulfate is an excellent drying agent that is 
often used to remove water from chemicals thaf are made or used in an 
experimenf. If instructed to do so, the anhydrous magnesium sulfate you 
will make can be placed in a collection container so that it can be used 
later as a drying agent. Using a product from one parf of a chemical pro- 
cess fo do somefhing in anofher parf improves fhe overall efficiency. This 
relates to atom economy, the second principle of green chemisfry. 

Design for energy efficiency is also one of fhe 12 principles of green 
chemistry. This means a chemical synthesis needs to be designed so that 
the least amount of energy possible is used. Af f imes fhis is done by design- 
ing a synthesis that can be performed af or close to room temperature. 
Other times, designing for energy efficiency is accomplished by using the 
most energy efficient method. In this lab you will compare the energy 
efficiencies of two methods used to dehydrate Epsom salt and determine 
which one of fhe mefhods is more energy efficienf. One mefhod uses a hof 
plafe and fhe ofher a Bunsen burner. 



Objective 

In this experiment, you are going to determine the percent of wafer in 
Epsom salf using fwo differenf methods of heafing and correcf analytical 
techniques. You will determine which one of the methods is more energy 
efficient. 
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Name 



Prelab questions 

1. What is the theoretical value of the percent of wafer in Epsom salf? 



2. If fhe mass of fhe Epsom salf before heafing is 1.030 g and affer 
heafing is 0.510 g, what is the mass of fhe wafer fhaf is heafed off? 



3. If the mass of fhe Epsom salf before heafing is 1.030 g and affer 
heafing is 0.510 g, whaf is the percent of wafer in Epsom salf? 



4. Glassware absorbs small amounfs of moisfure over fime. In fhis 
experimenf you will dry fhe crucible and allow if fo cool fo room 
femperafure in a desiccator before obfaining ifs mass. If you did nof 
do fhis, how would if affecf your resulfs? 



5. Research and evaluate the hazards for all chemicals you will be 
using. Study the procedure and look for ofher possible hazards fhaf 
exist. List all hazards, including ones from chemicals. Whaf profec- 
five equipment will you need to use? 
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Procedure 

Part 1: Drying using a Bunsen burner 

1. Be sure to wear safety goggles. Inspect the crucible you will use to 
make sure it does not have cracks or chips. Do not use it if if does! 

2. Affach a ring fo a ring sfand and place a clay friangle on fop of fhe 
ring. Sif a crucible in fhe clay friangle. Place fhe crucible cover on fop 
of fhe crucible. 

3. Place an unlif Bunsen burner under fhe crucible. Adjusf fhe ring so fhat 
if is approximafely 2 inches above fhe Bimsen burner. See Figure 1.1. 

4. Light the Bunsen burner and place it directly under the crucible. 
Adjust the flame so fhaf fhe fip of fhe inner blue cone, fhe hoffest 
parf of fhe flame, is fouching fhe boffom of fhe crucible. 

5. Heaf for 3 minufes. The boffom of fhe crucible will become a dull 
red. Turn off fhe Bunsen burner. Allow fhe crucible fo cool fo room 
femperafure. Caution: Do not touch the crucible and its cover until 
they have cooled to room temperature. The crucible will be hot! 

6. Use a mortar and pestle to crush a little over 2.1 g of Epsom salt if 
fhere are large crysfals. 

7. Weigh and record fhe mass of fhe room-femperafure crucible. 

8. Measure ouf approximafely 1.0 g of fhe crushed Epsom salf info fhe 
crucible, weigh, and record fhe exacf mass of fhe crucible with the 
Epsom salt in the data section. 

9. Sit the crucible containing the Epsom salt back in the clay triangle. 
Place the probe of an electronic thermometer in the Epsom salt side- 
ways and cover with a crucible lid. Hint: You may clamp the ther- 
mometer probe on a ring stand and lower it into the Epsom salt. 

10. Light the Bunsen burner and record the time. Heat the crucible until 
the temperature of fhe Epsom salf reaches af leasf 225°C. Heaf for 
an addifional 3 minufes. The boffom of fhe crucible will become 




Figure 1.1 Apparatus for drying using a Bunsen burner. 
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a dull red. Turn off the Bunsen burner and record the time in the 
data section. Allow the crucible to cool for 2 minutes. 

11. Using tongs and an oven mitt, carefully remove the crucible lid and 
thermometer probe. Then remove the crucible with the sample and 
place it into a desiccator until it cools to room temperature. Caution: 
The crucible, crucible lid, and thermometer probe will be hot! 

12. Weigh and record the mass of the crucible and Epsom salt. 

13. Repeat steps 10-12 until a constant mass is achieved. This is when 
less than a 0.003 g difference in the masses is found. 

14. Calculate the mass of the water heated off, the percent of water, and 
the number of water molecules attached to each magnesium sulfate 
molecule. Also calculate the total time the Bunsen burner was on to 
heat the Epsom salts. 

Part 2: Drying using a hot plate 

1. Remove the Epsom salts from the crucible. If you wash it, be sure 
to flame dry it as you did in Part 1, steps 2-5. Weigh and record the 
mass of the crucible. 

2. Measure out approximately 1.0 g of the crushed Epsom salt from 
Part 1 into the crucible, weigh, and record the exact mass of the cru- 
cible with the Epsom salt. 

3. Place the crucible on a hot plate and note the time in the data section. 

4. Place the probe of an electronic thermometer in the Epsom salt side- 
ways and cover with a crucible lid. Hint: You may clamp the ther- 
mometer probe on a ring stand and lower it into the Epsom salt. 

5. Increase the temperature until it reaches at least 225°C. Continue to 
heat the Epsom salt for approximately 10 more minutes at this tem- 
perature. Turn off the hot plate and let it cool for a few minutes. Note 
the time you turned off the hot plate. 

6. Using tongs and an oven mitt, carefully remove the crucible lid and 
thermometer probe. Then remove the crucible with the sample and 
place it into a desiccator until it cools to room temperature. Caution: 
The crucible, crucible lid, and thermometer probe will be hot! 

7. Weigh and record the mass of the crucible and Epsom salt. 

8. Put the crucible back on the hot plate and repeat steps 5-8, only this 
time heating the Epsom salt for 3 minutes at 225°C. 

9. Repeat steps 5-8 until a constant mass is achieved. This is when less 
than a 0.003 g difference in the masses is found. 

10. Turn off the hot plate and record the time. Determine the amount of 
time the hot plate was on. 

11. Calculate the mass of the water heated off and the percent of water. 
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Name 



Data 

Part 1: Drying using a Bunsen burner 

Table 1.1 Data for Part 1 

Trial 1 Trial 2 (optional) 

Mass of crucible 

Mass of crucible and 
Epsom salt 

Mass of Epsom salt before 
heating 

Mass of Epsom salt and 
crucible after first 
heating 

Total time Bunsen burner 
was on for first heating 

Mass of Epsom salt and 
crucible after second 
heating 

Total time Bunsen burner 
was on for second 
heating 

Mass of Epsom salt and 
crucible after third heating 
(if necessary) 

Total time Bunsen burner 
was on for third heating 

Mass of water heated off 

Percent of water 



Total time Bunsen burner was on: _ 
Average percent of water (optional): 
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Part 2: Drying using a hot plate 

Table 1.2 Data for Part 2 

Trial 1 Trial 2 (optional) 

Mass of crucible 

Mass of crucible and Epsom 
salt 

Mass of Epsom salt before 
heating 

Mass of Epsom salt and 
crucible after first heating 

Total time hot plate was on for 
first heating 

Mass of Epsom salt and 
crucible after second heating 

Total time hot plate was on for 
second heating 

Mass of Epsom salt and 
crucible after third heating 
(if necessary) 

Total time hot plate was on for 
third heating 

Mass of water heated off 

Percent of water 



Total time hot plate was on: 

Average percent of water (optional): 



Observations 
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Calculations 

Part 1 

Calculations for percent water in Epsom salt: 



Calculations for percent error: 



Part 2 

Calculations for percent water in Epsom salt: 



Calculations for percent error: 
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Analysis 

1. Was there water still left in the hydrate in Part 1 or Part 2? Why or 
why not? 



2. How do the experimental value and the theoretical value compare 
for bofh mefhods? Which one has fhe beffer percenf error? 



3. Do you consider your percenf error accepfable? 



4. Whaf if a desiccator was nof used in fhe cooling of fhe hydrafe? How 
would fhis affecf fhe oufcome of fhe experimenfal value of fhe per- 
cenf of wafer found? 



5. Whaf if fhe crucible and sample were weighed before fhey had 
cooled to room femperafure? How would fhis affecf fhe oufcome of 
fhe experimenfal value of fhe percenf of wafer found? 
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Think green 

1. How could you attempt to make the procedure for the method 
you consider to be more green even greener? If fhere are fime and 
resources available, fry your idea(s) and discuss your resulfs. 

2. Compare fhe fuel used fo Bfus generafed for fhe hof plafe and fhe 
Bunsen burner mefhods. If possible, look af fhe Waffs your hof plafe 
used; ofherwise, use 950 W in one hour; 1 kW = 3.412 Bfu. A small 
Bunsen burner consumes approximafely 3 cubic feef of nafural gas 
per hour and 1 cubic foof = 1.028 Bfu. Be sure fo consider fofal fime 
fhe hof plafe or Bunsen burner was on. 

3. Compare fhe greenness of fhe fwo mefhods by considering fhe green 
chemisfry principles of energy efficiency, renewable feedstock, and 
safefy of fhe fwo mefhods. Which one of fhe mefhods used do you 
consider fo be more green? Explain your answer. 



Presidential green chemistry challenge 

The Environmenfal Profecfion Agency (EPA) gave ifs 2011 Presidenfial 
Green Chemisfry Challenge Award in fhe Small Business cafegory fo 
BioAmber, Inc. for research involving using less energy and sequesfering 
CO 2 . Look up informafion abouf fhis award on EPA's website (www2.epa. 
gov/green-chemisfry) under challenge award winners, and write a brief 
summary abouf fhis fechnology and how if ufilizes principles of green 
chemisfry. 
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Determination of the formula 
of a copper supplement 

If you have ever watched a crime drama on tele- 
vision, you have probably seen a scientist take a 
sample of unknown substance, run some tests, and 
return with a report identifying the substance — 
that is analytical chemistry in action. 

Analytical chemists use different experimental techniques to identify com- 
pounds, one of which involves the isolation of different elements in the 
compound and determining the percentage composition of the compound. 
Percentage composition data can be used to determine the chemical formula. 
When scientists determine that an unknown sample is 60.66% chlorine and 
39.34% sodium, they have identified the unknown sample as common table 
salt, or by its chemical name, sodium chloride. Every chemical compormd has 
a formula that is unique to that compound. The percentage composition data 
can be used to determine the chemical formula. An alternative method of 
determining the chemical formula is to isolate one component of a compound 
and determine the molar ratios of the elements present in the compound. 

How does this relate to green chemistry? Prevention and catalysis 
are two of the principles of green chemistry. Catalysts often incorporate 
a hazardous heavy metal in their structure. Reducing the percent of a 
hazardous heavy metal in a catalyst or other substance decreases the haz- 
ards associated with that particular heavy metal. This experiment uses a 
compound named copper gluconate. It has a much lower percentage of a 
heavy metal than the copper compound typically used. The chemical for- 
mula of gluconate is C 12 H 22 O 14 . Your task is to determine the chemical for- 
mula of the compound by isolating the copper and determining the molar 
ratio of copper and gluconate in the compound. Copper gluconate has a 
variety of uses and applications, including as an ingredient in the breath 
mint Certs® and as a source of copper in nutritional supplements. 



Example 

You are given a sample of compound containing magnesium and chlo- 
rine. After isolating the elements from your 5.00 g sample, you discover 
there are 1.28 g of magnesium and 3.72 g of chlorine. 
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To determine the molar ratio of each element: 



1.28gMg 


1 mole Mg 




24.31g 



3.72 g Cl |1 mole Cl 
I 35.45 g 



= 0.105 moles Cl 



Once you have determined the molar quantities of each elemenf, 
divide each by the smallest value and round each to a whole number — this 
will give you the chemical formula for fhe compound: 



Mg0.0527Cl0.105 

0.0527 0.0527 



= MgClz 



The chemical formula for fhe unknown magnesium compound 
is MgCl 2 ; this compound is named magnesium chloride. 

To calculate the percentage composition for this compound: 

1.28 g Mg/5.00 g MgClj = 0.256 x 100 = 25.6% Mg 

3.72 g Cl/5.00 g MgCl 2 = 0.744 x 100 = 74.4% Cl 



Objective 

The purpose of your experimenf is fo determine the chemical formula for 
a compound by isolating one component of the compound and determin- 
ing the molar ratio. 
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Name 



Prelab questions 

1. Why is it important in this experiment to be accurate in all your 
measurements? 



2. List the measurements you will be taking in this experiment: 



3. What wastes are produced in this reaction? 



4. Copper gluconate is the copper salt of D-gluconic acid. D-Gluconic 
acid loses one H to form fhe gluconafe ion fhaf bonds to copper. The 
gluconate ion has the molecular formula CgHjj 07 . Whaf is the molar 
mass of fhe gluconafe ion? 
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5. Research and evaluate the hazards for all chemicals you will be 
using. Study the procedure and look for ofher possible hazards fhaf 
exisf. List all hazards, including ones from chemicals. Whaf profec- 
five equipmenf will you need to use? 
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Procedure 

1. Weigh 0.500 g of copper gluconate and place in a 50 ml beaker. 

2. Add 10 ml 1.0% w/v NaCl to the beaker; stir until all copper gluco- 
nate has gone into solution. 

3. Lightly sand three small aluminum washers to remove aluminum 
oxide that has formed and add them to the solution. To increase the 
speed of the reaction, heat on a hot plate at 60-70°C until the solution 
loses its bluish color and bubbles stop forming. The solution may be 
a pale yellow. 

4. Remove the beaker from heat carefully and let the solution cool. 
Decant the clear liquid into a 150 ml beaker. Caution: The beaker 
will be hot! 

5. When all that remains in the original beaker are the copper-plated 
washers, rinse with deionized water and decant liquid, being careful 
not to lose any copper. Repeat this rinsing process three times. 

6. Preweigh a clean, dry 50 ml beaker and record its mass in the data 
section. 

7. Carefully remove the first washer and scrape the copper into the 
preweighed beaker. Rinse the washer to be sure all copper is recov- 
ered into the beaker. Add any loose copper that remains in the origi- 
nal beaker into the same beaker. Repeat the process for the second 
and third washers. 

8. Carefully decant off the water. Place the beaker with the copper into 
a drying oven set at approximately 120°C for 15 minutes. Remove the 
beaker and allow it to come to room temperature. Weigh and record 
the mass. 
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Name 



Data 

Mass of copper gluconate: 

Mass of beaker: 

Mass of beaker + copper: _ 
Mass of copper: 



Observations 
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Calculations 

Mass of copper recovered: 



Moles of copper recovered: 



Mass of gluconafe: 



Moles of gluconafe: 



Chemical formula: 
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Analysis 

1. What is the formula of your compound? 



2. Lisf fwo sources of error in your experimenf and explain fhe impacf 
fhey had on your resulfs. 



3. Creafe a pie charf showing fhe percenfage composifion for each 
elemenf in fhe compound copper gluconafe; clearly label each 
elemenf and fhe percenfage. 
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Think green 

1. Copper (II) chloride can be used as a source of copper for fhis 
experimenf, buf copper gluconafe is preferred due fhe facf fhaf if is a 
greener compound. Compare fhe percenf copper in bofh compounds. 
Look up fhe (maferial) safefy dafa sheef ((M)SDS) for bofh compounds. 
In ferms of green chemisfry, discuss fhe advanfages of using copper 
gluconafe insfead of copper chloride in fhis experimenf. 

2. Copper (II) sulfafe penfahydrafe can also be used as a source of 
copper. Why would fhe procedure you did nof work as if is wriffen? 
How would you change fhe procedure so fhaf you could defermine 
ifs chemical formula? If fime and resources permif, fesf your hypofh- 
esis. Defermine which of fhe 12 principles of green chemisfry would 
be negafively impacfed by changing fo copper (II) sulfafe penfahy- 
drafe and discuss fhe reasons for your answer. 



Presidential green chemistry challenge 

In fhis experimenf you defermined fhe percenfage of copper in copper 
gluconafe. The Environmenfal Profecfion Agency (EPA) gave ifs 2009 
Presidenfial Green Chemisfry Challenge Award in fhe Academics caf- 
egory fo Professor Krzyszfof Mafyjaszewski for research fhaf included 
lowering fhe percenfage of copper in a cafalysf. Look up informafion 
abouf fhis award on EPA's websife (www2.epa.gov/green-chemisfry) 
under challenge award winners and wrife a brief summary abouf fhis 
fechnology and how if ufilizes principles of green chemisfry. 



chapter three 



Determination of mass 
and mole relationships 
in a chemical reaction 



How can the amount of a substance in an unknown 
be determined? What determines the amoimt of 
a desired product that is produced in a chemical 
reaction? 

As a quality control supervisor, a member of your staff has provided 
you with a sample of calcium chloride solution that did not pass qual- 
ity standards tests of freezing point depression. The solution is sup- 
posed to contain 15% w/v calcium chloride and provide the following 
levels of freezing point protection: slush free to -53°F and solid at -62°F. 
The given sample solution did not meet the given level of protection. Upon 
further investigation, it was determined that the calcium chloride used 
to prepare the solution was left exposed to the air for 3 hours. Calcium 
chloride is hygroscopic. Hygroscopic compounds quite literally pull water 
molecules from the air around them and the water becomes chemically 
associated with the compound. This can affect the mass of the compound. 
It is believed the exposure of the calcium chloride to the air led to its even- 
tual failure of quality control tests. You must determine the amount of 
calcium present in the sample solution utilizing a precipitation reaction 
with potassium carbonate (K 2 CO 3 ). 

Calcium chloride will react with potassium carbonate to form calcium 
carbonate. The mass of calcium carbonate and the amount of calcium 
present in the sample solution can be determined using mass and mole 
relationships. 

Before you begin the experiment to determine the amount of calcium 
chloride present, you must determine the amount of potassium carbon- 
ate needed to precipitate the maximum amount of calcium potentially 
present in the solution. In order to determine this, you must make sure 
calcium chloride will be the limiting reactant in the reaction. The limiting 
reactant is the element or compound that controls the amount of product 
produced in a chemical reaction. 
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For example, you are given 20 marshmallows, 40 graham cracker 
squares, and 8 chocolate bars. The recipe for a s'more is 2 graham cracker 
squares, Vi a chocolate bar, and 1 marshmallow. Following the recipe, how 
many s'mores can you make? What is the limiting ingredient? 

The calculations would look like this: 

20 marshmallows 1 1 s'more , 

-d » 20 s mores 

1 1 marshmallow 

40 graham crackers] 1 s'more , 

— 2 » 20 s mores 

1 2 graham crackers 

8 chocolate bars] 1 s'more . . , 

» 16 s mores 

1 0.5 chocolate bar 

Given the ingredients, you can only make 16 s'mores. The chocolate 
bars limited the number of s'mores you could prepare. It was the limiting 
ingredient. 

A similar situation occurs in chemical reactions. There may be an 
element or compound that limits the amount of product that can be made 
in the reaction. It is helpful to know the limiting reactant, especially when 
you are trying to determine the chemical formula of a compound, or iden- 
tify how much of a given substance is present in an unknown solution. 
This will be the case in today's investigation. In order to determine the 
concentration of calcium chloride present in the solution, it must be the 
limiting reactant in the equation. An excess of potassium carbonate must 
be added so that all of the calcium chloride will react to form calcium car- 
bonate. Potassium carbonate is also hygroscopic, so a high excess will be 
used, but not so much that it will not easily dissolve in water. 

Example 

In this lab potassium phosphate tribasic could have been used instead 
of potassium carbonate. Flow much potassium phosphate tribasic would 
be needed to fully precipitate all calcium from a 10.00 ml sample of a 
10.0% w/v calcium chloride solution? 

First, the balanced reaction equation must be written: 

3CaCl2(aq) + 2K3P04(aq) — ^ Ca3(P04)2(s) + 6KCl(aq) 

Next you must determine how many grams of calcium chloride are pres- 
enf in 10.00 ml of a 10.00% CaCl 2 (w/v) solufion: 



10.00 ml X 10.00 g/100.0 ml = 1.000 g 
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This must be converted to moles using the molar mass of 110.98 g/mole: 



From the balanced equation, we see it takes 2 moles K3PO4 to react with 
3 moles of CaCl2. 



This needs to be converted to grams using the molar mass: 
g K 3 PO 4 needed = 0.006007 mole K 3 PO 4 x 212.27 g/mole = 1.275 g K 3 PO 4 

Atom economy 

The example above uses stoichiometry, or mole-to-mole ratios. As you can 
see, mole-to-mole ratios are very useful because they show how much of 
each reactant is needed to produce a sufficient amount of producf. Green 
chemistry has another calculation called atom economy. It evaluates the 
atom efficiency of a reaction and looks at all atoms involved. In the above 
example, the 6 molecules of KCl were nof considered, but after the reac- 
tion is performed, they are present as waste that needs to be properly 
disposed. This is uneconomical, especially if the waste is hazardous. You 
can also think of it as having to buy atoms that you really do not need and 
will have to get rid of later. A greener reaction has less atomic waste. The 
general equation for afom economy is as follows: 



1.000 g X 1 mole/110.98 g = 0.009011 mole 



Moles of K3PO4 needed = 0.009011 mole CaCl 2 • 



2 mol K3PO4 

3 mol CaCl 2 



= 0.006007 mole K 3 PO 4 



Atom economy = - 



molar mass of desired product 
molar mass of aU reacfants 



In the above reaction example, the atom economy would be: 



Atom economy = 




Ca3(P04)2 g/mol 



Atom economy 



310.18 g/mol 



■ 100 = 40.949% 



3(110.98 g/mol) + 2(212.27 g/mol) 



Atom economy is also valuable when comparing reactions that 
could be used for a particular application. Although it does not consider 
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all factors, such as energy efficiency, hazards, excess reactants used, waste 
disposal costs, or cost of the chemicals, it is still very useful in comparing 
the atom efficiency of different possible reactions. 



Objective 

In this experiment, you will investigate the concepts of hygroscopic 
substances and limiting reactants by determining the percent moisture 
absorbed by a CaClj sample, and determining the mass of calcium chlo- 
ride present in an unknown through careful precipitation of calcium 
carbonate. 
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Name 



Prelab questions 

1. CaClj and K 2 CO 3 are both hygroscopic. What does this mean 
and what special precaution needs to be taken when using these 
chemicals? 



2. Write the balanced reaction equation for the precipitation of cal- 
cium carbonate from potassium carbonate and calcium chloride 
and determine the atom economy. How does this compare to the 
example where K3PO4 is reacted with the CaCl 2 ? 



3. Using the balanced equation above, determine the limiting reactant 
if 15 g of CaCl 2 was reacted with 15 g of K 2 CO 3 . Could you use 15 ml 
of a 15 g/L K 2 CO 3 solufion fo fesf a solufion thaf is suppose to be a 
15 g/L CaCl 2 solution? Explain your answer. 
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4. Determine the mass of anhydrous K 2 CO 3 needed to fully precipitate 
all calcium from a 10 ml sample of 15.0% w/v CaClj solution. {Recall: 
This is the supposed concentration of the solution you are testing.) 



5. Sometimes an excess is used to make sure the reaction goes to 
completion. Determine how many grams of anhydrous K 2 CO 3 you 
will need to obtain if you use a 20 % excess. 



6 . Research and evaluate the hazards for all chemicals you will be 
using. Study the procedure and look for ofher possible hazards fhat 
exist. List all hazards, including ones from chemicals. What protec- 
tive equipment will you need to use? 
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Procedure 

Part 1: Exploring a hygroscopic substance 

1. Weigh a watch glass and record its mass. 

2. Place approximately 0.5 g of CaCl 2 on it and record the exact mass of 
fhe wafch glass and fhe CaClj. Also record any observafions. 

3. Lef fhe wafch glass sif unfil fhe end of fhe lab period, buf make 
frequenf observafions. Go on fo Parf 2. 

4. Affer you have complefed Parf 2, reweigh fhe wafch glass and CaCl 2 . 
Record ifs mass and defermine fhe amounf and percenf moisfure 
absorbed. 

Part 2: Analyzing a suspect 15% calcium chloride solution 

1. Label fhree 150 ml beakers wifh Trial 1, Trial 2, and Trial 3. Use a 
volumefric pipe! fo add 10.00 ml of fhe sample CaCl 2 solufion fo be 
fesfed info each beaker. 

2. Tare a clean 150 ml beaker on a balance and add fhe amounf of 
anhydrous K 2 CO 3 you defermined in your prelab calculafions 
quesfion 4 fhaf you will need fo precipifafe fhe maximum possible 
amounf of calcium presenf. Record fhe exacf mass. 

3. Use a graduafed cylinder fo add 25 ml deionized (DI) wafer fo fhe 
beaker confaining fhe K 2 CO 3 . Sfir fhe solufion unfil all of fhe K 2 CO 3 
is dissolved. Add fhis fo fhe beaker labeled Trial 1. Rinse fhe beaker 
fhaf confained fhe K 2 CO 3 wifh fwo 5 ml porfions of DI wafer and add 
fhe rinses fo fhe beaker labeled Trial 1. 

4. Sfir fhe solufion for approximafely 4 minufes. Be sure fo rinse off 
any precipifafe fhaf remains on your sfirring rod back info fhe bea- 
ker using small porfions of DI wafer. Allow fhe reacfion fo sif for 
15 minufes fo give sufficienf fime for all CaCOj fo precipifafe. 

5. For Trial 2, repeal sfeps 2-4, only use an addifional 20% of fhe 
amounf of K 2 CO 3 fhaf you used for Trial 1 and defermined in your 
prelab calculafions quesfion 5. 

6 . For Trial 3, repeal sfeps 2-4, only use 1.00 g of K 2 CO 3 . 

7. While solufions are precipifafing, sef up a vacuum filfrafion appara- 
fus as shown in Figure 3.1. 

8 . Obfain fhe appropriafe size filler paper (Whafman 40), weigh, and 
record fhe mass. Place if in fhe Buchner funnel and seal if wifh a 
small amounf of DI wafer. 

9. Label a wafch glass Trial 1. Weigh and record fhe mass. 

10. Pilfer fhe solufion for Trial 1. Use addifional DI wafer and a rubber 
policeman fo ensure fhe fransfer of all solid precipifafe info fhe filfra- 
fion apparafus and fo rinse soluble impurifies off of fhe producf. 
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Biichner funnel 
Filter paper 



Ring stand 



Rubber stopper 



To trap 
and vacuum 



Vacuum tubing 




Clamp 
or ring 



Filter flask 



Figure 3.1 Vacuum filtration apparatus. 



11. After the solution has been filtered, rinse with approximately 5 ml 
of ethanol. This will aid the drying process. Caution: Do not drink! 
Ethanol used in the lab has poisonous stabilizers added. Also, keep 
the vacuum going for a few minutes after all of the ethanol has 
passed through the funnel to aid drying. 

12. Carefully, so as not to lose any product, transfer the filter paper and 
the entire product onto the preweighed watch glass. 

13. Allow the product to dry and record the mass of the watch glass, 
filter paper, and product. If necessary, you can place in a 100°C oven 
to dry for 5-10 minutes. Caution: Ethanol is also flammable. Be sure 
the precipitate and filter paper are almost completely dry before 
placing them in an oven. 

14. Repeat steps 8-13 for Trials 2 and 3. 

15. Calculate the mass of the products recovered and the percent CaCl 2 
in the sample solution for all three trials. 

16. Complete Part 1. 
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Name 

Data 

Part 1: Exploring a hygroscopic substance 

Watch glass mass: 

Watch glass and initial CaCl2 mass: 

Initial CaClj mass: 

Watch glass and final CaCl2 mass: 

Final CaCl2 mass: 

Amount moisture absorbed: 

Percent moisture absorbed: 



Part 2: Analyzing a suspect 15% calcium chloride solution 

Table 3.1 Data for Part 2 

Trial 1 Trial 2 Trial 3 

mL CaClj 



Mass of KjCOj 

Mass of filter paper 

Mass of watch glass 

Mass of watch glass, filter 
paper, and precipitate 

Mass of precipitate 

% CaClj in sample 
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Observations 

Part 1: Exploring a hygroscopic substance 



Part 2: Analyzing a suspect 15% calcium chloride solution 
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Calculations 

Part 1: Exploring a hygroscopic substance 

Amount moisture absorbed: 



Percent moisture absorbed: 



Part 2: Analyzing a suspect 15% calcium chloride solution 

Theoretical yield if 15% CaClj: 



Actual yield: 
Trial 1: 



Trial 2: 
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Trial 3: 



Percent CaCl 2 in sample: 
Trial 1: 



Trial 2: 



Trial 3: 
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Analysis 

1. Was there a significant difference befween fhe percenf CaCl 2 found 
in Trials 1, 2, and 3? Is fhis whaf you expecfed? Which frial(s) do you 
fhink gave more accurafe resulfs? Explain your answer. 



2. Creafe a bar graph comparing fhe supposed percenfage concenfra- 
fion and fhe acfual percenfage concenfrafion of calcium chloride in 
fhe solufion. 



3. Based on your analysis, how many addifional kilograms of anhy- 
drous CaCl 2 would need fo be added fo a 50-gallon drum confaining 
fhe solufion your sample was faken from? Use fhis conversion factor: 
1 gallon = 3.7854 L. 
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Think green 

1. Evaluate the procedure you used in this experiment in terms of 
atom economy. Determine through calculations if fhe afom economy 
could be improved by subsfifufing NajCOj or NaHCOg for KjCOj? 
Do you fhink eifher of fhese would be a greener replacemenf? If fime 
and resources permif, fesf your hypofhesis and discuss your resulfs. 

2. Purifying solvenf wasfe obfained from a reacfion can be expensive. 
Pofassium chloride is a by-producf in fhis reacfion and remains in 
fhe wasfewafer. Research and wrife a summary regarding how salfs 
are removed from wafer and fhe cosf fo do so. 



Presidential green chemistry challenge 

The Environmenfal Profecfion Agency (EPA) gave ifs 1998 Presidenfial 
Green Chemisfry Award in fhe Academic cafegory fo Professor Barry 
Trosf for creafing fhe defined concepf of afom economy. Look up informa- 
fion abouf fhis award on EPA's websife (www2.epa.gov/green-chemisfry) 
under challenge award winners and wrife a brief summary abouf fhis 
fechnology and how if ufilizes principles of green chemisfry. 



chapter four 



Finding ethanol's molar mass 
using vapor density 

Volatile liquids are used on a daily basis in everyday 
households. From the gasoline that powers a car to 
common products stored in the bathroom, like nail 
polish remover and rubbing alcohol, volatile liquids 
are everywhere! 

The ideal gas law can be used to find the molar mass of volafile liquids. 
In fhis experiment you will use if fo find fhe molar mass of an unknown 
alcohol. Efhanol is an example of an alcohol. More efhanol is produced 
fhan any ofher alcohol, mosf of which is used as an ingredienf in aufomo- 
five fuel. 

Efhanol is added fo gasoline for several reasons, one of which is fo 
help prevenf engine knocking. Tefraefhyl lead used fo be used in gaso- 
line fo help prevenf engine knocking. If was replaced wifh mefhyl f-bufyl 
efher (MTBE), which was lafer replaced wifh efhanol. Bofh fefraefhyl lead 
and MTBE did an excellenf job prevenfing engine knocking, buf affer fhey 
were used for a period of fime, fhey were found fo have adverse effecfs 
on fhe environmenf. A greener replacemenf had fo be found and efhanol 
was chosen. 

Anofher reason efhanol is added fo gasoline is fhaf in cold climafes, 
if can keep wafer from freezing in fhe fuel sysfem. Small amounfs of mois- 
fure in fhe air can be absorbed by gasoline. Wafer readily separafes from 
gasoline fhaf has nof had efhanol added fo if. When fhe weafher is cold 
enough, wafer presenf may freeze and cause blockages fhaf will prevenf 
fuel from geffing fo fhe engine. Buf when efhanol is presenf, if will keep 
small amounfs of wafer mixed in fhe gas. 

Wafer presenf in efhanol musf be removed before if is added fo gaso- 
line. If too much wafer is presenf in gas fhaf has had efhanol added, fhe 
efhanol will separafe ouf wifh fhe wafer and cause problems. Chemisfs 
offen effecfively use disfillafion fo purify liquids of differenf boiling 
poinfs. In disfillafion, ideally a pure lower boiling liquid will boil off 
first leaving fhe higher boiling liquid behind. Even fhough efhanol has 
a boiling poinf of 78.3°C and wafer's boiling poinf is 100°C, disfillafion 
will nof remove all of fhe wafer from an efhanol/wafer mixfure. This is 
because a mixfure fhaf is 95.6% efhanol and 4.4% wafer boils af a slighfly 
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lower temperature than pure ethanol, 78.1°C, due to repulsions between 
the liquids. Liquids that behave like this are called azeotropes. Another 
method must be used to remove the last 4.4% of water from naturally pro- 
duced ethanol. Molecular sieves are often used to do this. 

Molecular sieves are a type of drying agent that absorbs moisture 
(water) from solution as well as the atmosphere. This is why the sieves 
must be dried and then kept in an airtight container. They come in differ- 
ent sizes, and the size used is chosen according to what size is needed to 
remove the impurity. Water can be removed with a 3 A molecular sieve, 
but larger impurities require larger molecular sieves. Because the ethanol 
used in this experiment contains a certain percentage of water, 3 A molec- 
ular sieves will be used to remove it at the beginning of the experiment. 
After the molecular sieves are used, they can be dried and reused. Recall 
that using auxiliary substances that can be recovered and reused is a goal 
of green chemistry since it increases the overall atom economy. 

After the water is removed from the ethanol, you will use the ideal 
gas equation (4.1) to determine the molar mass of efhanol. In fhe ideal gas 
equafion, P is the pressure, V is the volume, n is the number of moles, R is 
fhe universal gas consfant, and T is the temperature. 

PV = nRT (4.1) 

Molar mass (M), simply put, is the number of grams of a substance (g) 
over the number of moles for a substance (n), or M=^. By solving for n 
and substituting into Equation 4.1, the resulting equation (4.2) can be used 
to calculate the molar mass: 



PV 



gRT 

M 



(4.2) 



Note that the pressure should be in atmospheres, the volume in liters, 

and temperature in Kelvin since R is equal to 0.08206 atm 
^ ^ mol ■ K 



Objective 

In this lab, you are going to dry an ethanol sample using molecular 
sieves and then determine the molar mass of efhanol using fhe ideal gas 
equafion. 



Chapter four: Finding ethanol's molar mass using vapor density 



43 



Name 



Prelab questions 

1. How would leaving the molecular sieves container uncapped or in an 
open beaker for an extended period of time affect the experiment? 



2. The barometric pressure is 752.3 mmHg. What is the pressure in 
atmospheres? Use the conversion factor that 1 atm equals 760 mmHg. 



3. Convert 95.8°C to Kelvin. 



4. A 3.28 g sample of gas occupies 1.25 L af 293.2 K and 0.997 atm. What 
is the molar mass? 



5. Given the following data, calculate the molar mass. 



Barometric pressure 753.1 mmHg 

Mass of the flask and foil 80.268 g 

Mass of the flask, foil, and condensed liquid 80.615 g 

Volume of flask 137.5 ml 

Temperature of water bath 99.4°C 

Mass of condensed liquid 



Molar mass 
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6. If the actual molar mass (accepted value) is 78.3 g/mole, what is the 
percent error? Use the equation shown below to calculate percent 
error. 

I Accepted value - Experimental valuel 

Percent error = — — ■ — ^ x 100 

Accepted value 



7. Research and evaluate the hazards for all chemicals you will be 
using. Study the procedure and look for other possible hazards that 
exist. List all hazards, including ones from chemicals. What protec- 
tive equipment will you need to use? 
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Procedure 

Part 1: Preparation of the alcohol 

1. Quickly weigh out approximately 4-5 g of 3 A of molecular sieves 
info a small vial. Immediafely screw fhe cap back on fhe vial. 
Hint: Keep fhe molecular sieves sealed and in a desiccator except 
when weighing. 

2. Measure approximately 8 ml of your efhanol sample info a 10 ml 
graduafed cylinder. Pour if info fhe small vial confaining fhe molec- 
ular sieves. Caution: Do nof drink! Efhanol used in fhe lab has poi- 
sonous sfabilizers added. Efhanol is also flammable. Keep it away 
from flames or exposed wiring. 

3. Immediafely replace fhe cap on fhe vial, and swirl fhe solufion for a 
few minutes. Lef it sit to dry for af least 30 minutes, swirling every 
few minutes. 

Part 2: Experiment 

1. While your sample is drying, obfain the barometric pressure and 
convert it to atmospheres. 

2. Bend a 60 mm x 60 mm square of aluminum foil fighfly over fhe fop 
of a 125 ml Erlenmeyer flask. Secure the foil fop wifh a rubber band. 
Trim the foil closely around fhe rubber band. 

3. Make a pinprick in the center of the foil covering fhe Erlenmeyer 
flask. Remove fhe rubber band. 

4. Weigh and record the mass of fhe 125 ml Erlenmeyer flask wifh fhe 
foil fop and pinprick. Carefully remove fhe foil so as nof fo fear if 
and sef if aside to use later. 

5. After your sample is dry, decant 2 ml of if into a dry 10 ml graduated 
cylinder. Pour this into the Erlenmeyer flask. 

6. Replace fhe foil fop and secure if with the rubber band. 

7. Clamp the flask inside a 600 ml beaker filled fwo-thirds of fhe way 
with water. The foil fop should be 2 cm above the waterline. The 
beaker should be sitting on a hot plate, as shown in Eigure 4.1. 

8. Insert a thermometer in the water bath. 

9. Bring the water to a boil and carefully watch until there is no liquid 
left in the bottom of fhe flask. 

10. As soon as there is no liquid left in the bottom of the flask, immediafely 
record fhe femperafure and remove fhe flask from the hot water bath. 
Allow the flask fo come to room temperature to condense the vapor. 

11. Wipe the flask wifh a paper towel unfil if is thoroughly dry. Remove 
the rubber band and lift up the edges of fhe foil to ensure no water 
has condensed under it; if so, wipe if away. Make sure all water is off 
fhe flask and foil. 
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Figure 4.1 Apparatus. 



12. Weigh the flask, foil, and condensed liquid and record the mass. 

13. Calculate the mass of the condensed liquid and record it. 

14. Add another 2 ml of your dry efhanol and repeat the process for 
another trial. 

15. After the second trial is repeated, pour the condensed ethanol into a 
designated bottle so that it can be reclaimed. 

16. Determine the volume of fhe efhanol vapor by first filling fhe 125 ml 
flask with water to the brim. Measure the volume of the water using 
a 100 ml graduated cylinder. Record the volume. 

17. Calculate the molar mass of the ethanol sample using Equation 4.2. 

18. Determine your percent error. 

19. Decant any leftover ethanol sample into a designated bottle that can 
be reclaimed. Place the remaining molecular sieves in a designated 
container located in a hood. They can be dried and reused. 
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Name 



Data 



Table 4.1 Data for Part 2 
Trial 1 

Barometric pressure 



Mass of flask and foil 



Mass of flask, foil, and 
condensed liquid (step 12) 



Mass of condensed liquid 



Volume of flask 



Temperafure of water bath 



Molar mass 



Trial 2 



Observations 
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Calculations 

Trial 1 molar mass: 



Trial 2 molar mass: 



Average molar mass of sample: 



Molar mass of efhanol: 



Percenf error: 
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Analysis 

1. How does the experimental molar mass calculated compare to the 
expected molar mass of ethanol? 



2. If wafer condensed under fhe foil on fhe flask and was nof wiped off 
before weighing, how would fhe molar mass differ? Why? 



3. If fhe flask were leff on fhe heaf affer all fhe liquid had vaporized, 
how would fhe molar mass differ? 



4. If fhe flask were faken off before fhe liquid had vaporized, how 
would fhe molar mass differ? 
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Think green 

1. What if your sample was a 95% ethanol/water solution and not all 
of the water was removed? How would the molar mass differ if 
some water was still in the ethanol? If there is time, try doing the 
experiment with a 95% ethanol/water solution and see if you are 
correct. Discuss your results. 

2. Based on the 12 principles of green chemistry, discuss the reasons 
ethanol was considered a better gasoline additive than MTBE and 
MTBE was considered to be better than tetraethyl lead. 

3. Look up molecular sieves and find some of their uses. What size 
molecule do different sizes of molecular sieves remove? How would 
using 5 A molecular sieves affect your results? 



Presidential green chemistry challenge 

In this lab you used molecular sieves to purify ethanol. The Environmental 
Protection Agency (EPA) gave its 2011 Presidential Green Chemistry Award 
in the Greener Reaction Conditions category to Krafton Performance 
Polymers, Inc. for an innovative method to purify water. Look up informa- 
tion about this award on EPA's website (www2.epa.gov/green-chemistry) 
under challenge award wirmers and write a brief summary about this tech- 
nology and how it utilizes principles of green chemistry. 
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Determining molar volume of 
a gas at standard temperature 
and pressure 

Why is the air in a hot air balloon heated in order for 
the balloon to rise? 

To answer this question, one must understand the molar volume of a 
gas. Molar volume is the amount a substance can occupy given 1 mole 
of the substance. Solids are the easiest to measure, because they do not 
change shape. Liquids can be measured by observing how much they can 
fill when poured info a container. However, the molar volume of a gas is 
more difficulf due to the free-flowing nature of gas molecules. The molar 
volume of a gas can be defermined using fhe ideal gas law. This equation 
was first introduced by Emile Clapeyron, and despite the fact that most 
gases are real and not ideal. It can simply be used for almost every gas 
given the right conditions. The equation for fhe ideal gas law equation is 

PV = nRT (5.1) 

As seen, the molar volume is dependent on the pressure (P), 
volume (V), and temperature (T). R is also known as the universal gas 

constant, which is 0.08206 ^ jj jg number of moles of the gas 

mol -K 

being used. Through this it is easy to determine a gas's volume at stan- 
dard temperature and pressure (STP). Standard temperature and pressure 
are 0°C (273 K) and 1 atm (760 mmHg). When the equation is solved for 
fhe volume of 1 mole of gas af sfandard femperature and pressure, if is 
determined that it will occupy 22.4 L. This means that any gas will occupy 
the same amount of space given fhe same amounf of molecules, the same 
pressure, and the same temperature. 

In this experiment you will determine a gas's volume at standard tem- 
perature and pressure and attempt to reach 22.4 L. However, since this 
experiment is not run at the standard temperature and pressure, another 
equation that is built off of the ideal gas law must be used. The combined 
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gas law is where the pressures and volumes of different gases can be used 
to calculate the molar volume of those gases. The general equation is 



Pi-Vi ^ 

Ti T, 



(5.2) 



The combined gas law lets us answer the original question of why the 
air is heated in a hot air balloon. A hot air balloon can stretch so the pres- 
sure remains constant. When it is heated, the volume increases and the air 
becomes less dense than the air outside it. This provides the lift. 

This experiment first uses 5% acetic acid found in vinegar and mixes 
it with sodium bicarbonate. The reaction first forms carbonic acid, which 
decomposes into carbon dioxide and water. The abbreviated balanced 
reaction equation can be written as follows: 



NaHC03(g) + CH3COOH(3q) — ^ C02(g) + H20(i) + CH3COO 

Nofice that 1 mole of sodium bicarbonate reacts to form 1 mole of CO 2 . 
Knowing this is necessary for fhe calculation to determine the molar vol- 
ume of CO 2 at STP, you will also react acetic acid with calcium carbonate 
and determine the molar volume of CO 2 at STP and compare the results. 

Calcium carbonate has many uses and is found naturally in such 
things as limestone, marble, eggshells, and marine shells. Unpolluted rain 
is naturally weakly acidic, and over time it will react with calcium carbon- 
ate to create a natural buffering system. Acetic acid is a weak acid, which 
means it will react more slowly than a strong acid. Acid rain contains a 
dilution of strong acids, which react more quickly with calcium carbon- 
ate. Green chemistry addresses acid rain by seeking ways to prevent it 
through developing processes that reduce or eliminate the creation of gas- 
eous waste that will eventually cause acid rain. This is not the same as 
seeking ways to deal with it after it is created. 

In this lab you will combine the reactants and use the gas produced to 
force water into a measurement container. The amount of liquid displaced 
is the volume of gas obtained. Through using this you will solve for V 2 in 
Equation 5.1 to obtain the volume of CO 2 corrected to STP. To keep track 
of the variables more easily, the equation can be rewritten as shown in 
Equation 5.2: 



VsTp 



f’c02l^H20'^STP 

fH2ofsTP 



(5.3) 



where Pco 2 is the pressure of fhe CO 2 , Vino is the volume of water dis- 
placed, Tgjp is the standard temperature of 273 K, Thjo is the temperature 
of fhe water, Pg^p is standard pressure of 1 atm, and Pco 2 is the atmospheric 
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Table 5.1 Water Vapor Pressure at Different Temperatures 



Temperature 

°C 


Pressure 

mmHg 


Temperature 

°C 


Pressure 

mmHg 


Temperature 

°C 


Pressure 

mmHg 


15.0 


12.8 


20.0 


17.5 


25.0 


23.8 


16.0 


13.6 


21.0 


18.6 


26.0 


25.2 


17.0 


14.5 


22.0 


19.8 


27.0 


26.7 


18.0 


15.5 


23.0 


21.0 


28.0 


28.3 


19.0 


16.5 


24.0 


22.4 


29.0 


30.0 



pressure minus the pressure of the water the CO 2 is pushing against. It is 
found using the equation 



Pc02 = ^’alm - PhzO (^'4) 

The pressure of the water vapor is related to temperature, as shown 
in Table 5.1, and must be converted to atm by using the conversion factor 
1 atm 

760 mmHg 



Example 

An experiment was performed using 0.999 g of sodium carbonate and an 
excess of acetic acid. The atmospheric pressure was 0.9987 atm and the 
water temperature was 22.0°C. The volume of CO 2 acquired was 230.0 ml. 

To determine the molar volume of the gas, first calculate the pressure 
of the CO 2 in atm, the temperatures in K, and the volume in L: 

PcOz t^tm ^^20 

Pco 2 = 0.9987 atm - 19.8 mmHg- ^ = 0.9726 atm 

^ 760 mmHg 



Th20 = 22.0 + 273 = 295.0 K 



Vh 20 =230.0 mL 0.2300 L 

1000 mL 

The volume of CO 2 corrected to STP can be calculated as shown: 

(0.9726 atm)(0.2300 L)(273 K) 

" ' (295.0 K)(l atm) ' 

VsTP = 0.207 L 
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Next, use the number of moles of your solute to calculate the number of 
moles of CO 2 thaf should have been produced. This requires determining 
the balanced reaction equation: 

Na2C03(g) + 2CH3C00H([) 2CH3COO Na^(3qj + H20(i) + C02(g) 



Moles CO 2 



0.999 g Na2CO; 



3 • 



1 mol Na 2 Cp 3 
105.988 g Na2C03 



1 mol CO 2 
1 mol Na 2 C 03 



Moles CO 2 = 0.00943 moles 



Finally, determine the volume for 1 mole of CO 2 af STP: 

VsTP 0.2070 L 



Molar volume = 



mol CO 2 0.00943 moles 
= 22.0 L/mol 

Then, calculafe your percenf error: 



% error 



I fheorefical value - experimenf value | 



theoretical value 



xlOO 



1 22 4 - 22 0 1 

% error 100 = 1.79% 

22.4 



Objective 

Determine the molar volume of CO 2 gas using fhe sfandard femperafure 
pressure and fhe ideal gas law. 
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Name 



Prelab questions 

1. Define the combined gas law and its variables. 



2. What is standard temperature and pressure? 



3. Give two assumptions when using the ideal gas equation that are 
not true for real gases. 



4. Write the reaction equation for the reaction that occurs when acetic 
acid is added to calcium carbonate. 



5. How will vapor pressure play a role in this lab experiment due to the 
fact that we are using water? 
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6. Research and evaluate the hazards for all chemicals you will be 
using. Study the procedure and look for ofher possible hazards fhaf 
exisf. List all hazards, including ones from chemicals. Whaf profec- 
five equipmenf will you need to use? 
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Procedure 

1. Assemble an apparatus as shown in Figure 5.1. First obtain a single- 
holed rubber stopper with glass tubing centered in the stopper. The 
glass tubing should extend approximately 1 inch above and below 
the stopper. Place it in the mouth of a 125 ml Erlenmeyer flask. 
Ensure fhere is a very snug fif befween fhe fubing and fhe rubber 
stopper. 

2. Eill a 500 ml Erlenmeyer flask to fhe 450 ml mark wifh deionized 
(DI) wafer, and secure if to a ring sfand wifh eifher a ring or clamp. 
Place a double-holed stopper wifh glass fubing in each hole info fhe 
500 ml Erlenmeyer flask. Lef one piece of glass fubing exfend nearly 
fo fhe boffom of fhe flask and fhe ofher exfend a small amounf past 
the rubber stopper. Make sure the shorter piece does not touch the 
water in the Erlenmeyer flask. 

3. Place a piece of lafex (or Tygon) fubing fhaf is approximately 30 cm 
long on each of fhe glass fubes coming ouf from fhe fop of fhe rubber 
stopper in fhe 500 ml Erlenmeyer flask. 

4. Connect the side with the shorter glass tubing to the glass tubing 
coming out of fhe fop of fhe 125 ml Erlenmeyer flask. 

5. Place a glass fube on fhe end of fhe lafex fube fhaf is connecfed fo 
fhe longer glass fube and clamp if so fhaf wafer coming fhrough it 
will run into a 400 ml beaker. Make sure all connections have a very 
snug fit. 

6. Obtain 0.5 g of sodium bicarbonate on a piece of weighing paper. 
Record fhe exacf mass in Table 5.2. 




Figure 5.1 Apparatus. 
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7. Obtain 15.0 ml of 5% acetic acid (or white vinegar), and place into the 
125 ml Erlenmeyer flask. 

8. Initiate the reaction by quickly adding sodium bicarbonate into 
the flask confaining acetic acid, and immediately place the stopper 
securely in the mouth of the flask. 

9. Gently swirl the flask until no more water is transferred info the 
400 ml beaker. If water does not start flowing into the beaker almost 
immediately, check for leaks and resfart the experiment. 

10. Determine the barometric pressure and the temperature of fhe water. 

11. Use a 100 ml graduated cylinder to measure the amount of water 
that was displaced into the 400 ml beaker. 

12. Determine how much additional water there was from where the 
450 ml of water in the 500 ml Erlenmeyer flask comes up in the glass 
tube to where it runs into the 400 ml beaker. Use a wash bottle to 
fill this area with water and then measure the amount using a small 
graduated cylinder. Add this amount to the amount of water dis- 
placed into the 400 ml beaker. 

13. Record the total amount of water displaced in Table 5.2. 

14. Perform a second trial using the same procedure. 

15. Replacing the sodium bicarbonate with calcium carbonate, repeat 
the experiment. Complete two trials with calcium carbonate. 

16. Use your data to calculate the Vgxp, the theoretical number of moles 
of CO 2 , the volume for 1 mole of CO 2 at STP, and the percent error. 
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Name 



Data 

Barometric pressure: 



Trial 



Table 5.2 Summary of Data and Final Values 

mL HjO displaced Water 

Grams (including temperature Molar % 

used amount in tubing) K volume Error 



Trial 1 NaHCOj 



Trial2NaHC03 



Trial 3 CaC03 



Trial 4 CaC03 



Average molar volume for NaHCOji 

Average % error for NaHCOgi 

Average molar volume for CaCOji _ 
Average % error for CaCOgi 



Observations 
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Calculations 

Trial 1 — Sodium bicarbonate 



Trial 2 — Sodium bicarbonate 



Trial 3 — Calcium carbonate 



Trial 4 — Calcium carbonate 
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Analysis 

1. What is the experimental volume/mole calculated based on the 
experimental data for sodium bicarbonate and calcium carbonate, 
and how does this compare to the theoretical value? 



2. Do you consider your percent error acceptable? List two sources of 
error in your experimenf, whaf fhey affecfed, and explain how fhey 
could have been eliminafed or diminished. 
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Think green 

1. Hydrochloric acid is commonly used in this experiment. Rewrite the 
reaction equations using HCl as the acid. Which one of the acids, 
acetic acid or HCl, do you consider to be more green? Explain your 
answer considering the 12 principles of green chemisfry. 

2. The reacfion you sfudied when using calcium carbonafe illusfrafes 
fhe effecfs of acid rain. Research acid rain and discover several 
negafive effecfs if has on fhe environmenf. Idenfify an indusfry 
fhaf has modified ifs process fo reduce fhe acidify of ifs emissions. 
Discuss how if accomplished fhe reducfion addressing principles of 
green chemisfry. 



Presidential green chemistry challenge 

The reacfion you did emifs CO 2 , a greenhouse gas. The Environmenfal 
Profecfion Agency (ERA) gave ifs 2012 Presidenfial Green Chemisfry 
Award fo Professor Geoffrey W. Coafes in fhe Academic cafegory for 
developing cafalysfs fhaf make biodegradable polymers from CO 2 and CO. 
Look up informafion abouf fhis award on EPAs websife (www2.epa. 
gov/green-chemisfry) under challenge award winners and wrife a brief 
summary abouf fhis fechnology and how if ufilizes principles of green 
chemisfry. 



chapter six 



Determining the enthalpy change 
for solvation reactions 



Have you ever twisted your ankle? If you have, 
you probably put ice on it, or if ice wasn't available, 
an instant cold pack. In that moment you probably 
didn't wonder how that cold pack worked, but it 
has to be some extremely complicated reaction, 
right? Wrong! Cold packs typically use ammo- 
nium nitrate dissolving in water to produce a very 
cold solution. 

Calorimetry studies the amount of heaf fhat flows through a physical or 
chemical change into its surroundings. What occurs in an ammonium 
nitrate cold pack illustrates two examples of where a sfudy in fhe area of 
calorimetry is relevant. In the first example, a calorimeter is used to mea- 
sure the heat flow for fhe process of the solvation reaction of ammonium 
nitrate and water. The second example involves the specific heat of wafer. 

A reaction's enthalpy refers fo how much heaf a reacfion gives off or 
absorbs if the reaction occurs under constant pressure. Most reactions that 
you will do in a lab will occur at constant pressure. So typically, you can 
just say that enthalpy is equal to the heat of the reaction. The formula for 
fhe enthalpy of a reacfion is shown in Equafion 6.1: 



= -mcKT (6.1) 

In Equafion 6.1, AH is fhe enfhalpy of fhe reacfion, m is the mass of 
water that is absorbing the heat, c is the specific heaf of water, and AT is the 
change in temperature of the water (final f emperafure - initial temperature) . 

There are two types of enfhalpy reactions: one that releases heat into 
the environment is referred to as an exothermic reaction, while a reaction 
that absorbs heat from its surroundings is called an endothermic reaction. 

An example of an exofhermic reacfion is iron reacfing with oxygen to 
form ferric oxide, more commonly referred to as rust. The formation reac- 
tion is shown below: 



4Ee + 3 O 2 — ^ 2 Eo 203 
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The standard enthalpy for formation of 1 mole of rusf, Fe203, is 
-824.2 kj/mole; so, the reaction above releases 1648.4 kj of heaf! The 
enthalpy value is negative because AT is a positive number, making the 
overall equation negative. 

The reaction of ammonium nifrafe and wafer fhaf occurs in a cold 
pack is a good example of an endothermic solvation reaction: 

NH4N03(s) + H20(1) — » NHJ(aq) + N03(aq) + H20(l) 

The above reaction absorbs 25.69 kJ of heaf for every 1 mole of 
ammonium nitrafe fhaf dissolves in wafer. This is why a cold pack feels 
cold — if absorbs heaf from the surroundings. Since the AT, or change in 
temperature, is negative, the enthalpy will be a positive number. 

A calorimeter is used to measure the heat flow for a process such as 
fhe solvafion reaction of ammonium nifrafe and wafer. If insulafes fhe 
heaf exchange thaf is occurring so thaf only heaf exchanged in the process 
occurring within the calorimeter is measured. Precision calorimeters are 
used when very exact measurements are required. However, in this lab, 
you will use a very simple calorimeter composed of two Styrofoam cups 
nesfed togefher. Obviously, some heaf will exchange wifh fhe Styrofoam 
cups, buf if will be minimal. 



Example 1 

A sfudenf dissolved 8.014 g of NH 4 NO 3 in 100.012 g of wafer in a calorim- 
efer. The temperature changed from 20.9 to 15.2°C. Calculate the enthalpy 
of solufion the student experimentally found in kj/mole of NH 4 NO 3 . 



AHs„, = -mcAT 



KT=Tf- T,- = 15.2°C - 20.9°C = -5.7°C 

kJ heaf = -(100.012 g H20)(4.186 J/g°C)(-5.7°C)(l kJ/1000 J) = 2.39 kJ 
(8.014 g NH4N03)(1 mole NH4NO3/8O.O52 g) = 0.1001 mole NH4NO3 
AH,„, = 2.39 kJ/0.1001 mole = 23.8 kj/mole 

Wafer sfays cold a long fime, which makes if an excellenf choice as a 
solvenf for a cold pack or compress. This is relafed fo a physical property of 
maffer called specific heaf. Specific heaf is fhe amounf of energy required 
fo raise the temperature of 1 g of a subsfance by 1°C. Water has a high 
specific heaf value, so if stays colder longer. Since specific heaf is a physical 
property, it can be used to help determine the identity of a substance. 
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A calorimeter is also used to determine the specific heat of a subsfance 
since measuring heaf flow is involved. 

Fishing sinkers (weights) have traditionally been made of lead since 
if is dense, fairly easy fo casf info the desired shapes, relatively inexpen- 
sive, and corrosion resistant. However, concerns over lead poisoning have 
caused lead-based sinkers to be banned in many places. This relates to 
the first principle of green chemistry: prevention. The need for a greener 
replacemenf has initiafed fhe use of various differenf subsfances. Sfeel 
and differenf fungsfen alloys are common replacemenfs. Neither of fhese 
is considered ideal since sfeel is considerably less dense than lead and 
tungsten is considerably more expensive, so greener fishing sinkers are 
sfill being developed. 

Densify and specific heaf are physical properfies thaf can be used fo 
help idenfify a mefal and defermine ifs purity. In this lab you will use 
these physical properties to determine whether a green fishing sinker 
is made from sfeel or fungsfen. Densify can be found by obfaining fhe 
mass of fhe fishing sinker and then placing it in water in a graduated 
cylinder and determining how many milliliters of wafer are displaced. 
Dividing the mass by the milliliters of displaced wafer will equal fhe 
objecf's density. 

You will also determine the sinker's specific heaf. This is determined 
by first obtaining its mass, and heating it to a known temperature. The 
heated sinker is immediately placed in a calorimeter containing a known 
quantity of wafer af a predefermined femperafure. Heaf will flow from 
fhe mefal to the water until the temperature of the metal and the water 
is the same. This means the quantity of heaf (q) fhe metal loses must equal 
the quantity of heaf fhe wafer gained. 



Example 2 

A sfudent heafed 30.318 g of fishing sinkers fo 95.5°C and immediafely 
fransferred fhem info a calorimefer confaining 25.023 g of deionized (DI) 
wafer whose femperafure was 20.5°C. The femperafure of fhe mefal and 
fhe wafer reached equilibrium at 23.2°C. Calculate the specific heaf of fhe 
fishing sinker's mefal (s). Use 4.184 J/g°C as fhe specific heaf for wafer. 

q = specific heaf x mass x 

^H20 — ~qj,igial 

(4.184 J/g°C) ■ (25.023 g) ■ (23.2°C-20.5°C) 

= -(S, ■ (30.318 g) ■ (23.2°C-95.5°C) 



= 0.129 J/g°C 



70 



Green chemistry laboratory manual for general chemistry 



Objective 

In this lab, you will use a calorimeter to determine the enthalpy of solva- 
tion (AHs„,) of pofassium chloride and defermine how much wafer a sam- 
ple of calcium chloride confains. You will also use densify and specific 
heaf fo idenfify whaf mefal was used fo make a greener fishing sinker. 
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Name 



Prelab questions 

1. Define the variables from the formula = -mcKT: 



C. 



AT: 



2. In Part 1 of this lab you will use 0.025 moles of KCl per trial. Calculate 
how many grams of KCl you will need to obtain for each trial. 



3. In Parts 1 and 2 you will need to obtain approximately 15 g of DI 

a 

water. Water's density at 20°C is 0.9982 Approximately how 

mL 

many milliliters of water will you need to measure out? 
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4. In Part 2 of this lab you will use 0.0100 mole of CaCl 2 per trial. 
Calculate how many grams of CaCl 2 you will need to obtain per trial 
if you assume fhe CaCl 2 is anhydrous. 



5. CaCl 2 is hygroscopic. What does this mean and how will you have to 
handle the CaCl 2 because of fhis? 



6. A sfudenf dissolved 4.026 g of NaOH in 100.302 g of wafer. The fem- 
perafure changed from 20.2 fo 30.5°C. Calculafe fhe enfhalpy of solu- 
fion fhe sfudenf experimenfally found in kj/mole of NH4NO3. Is this 
an endothermic or an exothermic reaction? 



7. Research and evaluate the hazards for all chemicals you will be 
using. Sfudy fhe procedure and look for ofher possible hazards fhaf 
exisf. Lisf all hazards, including ones from chemicals. Whaf profec- 
five equipmenf will you need to use? 
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Procedure 

Part 1: Finding of potassium chloride 

1. Weigh two dry, clean Styrofoam cups that are nested together, and 
record the exact mass in Table 6.1. 

2. Add approximately 15 g DI water to the cups. (Use your calculations 
from fhe prelab secfion.) Record fhe exacf mass of fhe Sfyrofoam 
cups wifh fhe DI wafer in Table 6.1. 

3. Weigh ouf approximafely 0.025 mole of KCl info a clean, dry, pre- 
weighed 50 ml beaker. (Use your calculafions from fhe prelab sec- 
fion.) Record fhe exacf mass in Table 6.1. 

4. Assemble fhe calorimefer apparafus as shown in Figure 6.1 by 
clamping a fhermomefer in a wedged stopper to a ring sfand and 
placing if inside fhe nesfed Sfyrofoam cups. A lid may also be pro- 
vided. (If an elecfronic fhermomefer is used, if can be used fo sfir 
instead of a sfir rod.) Waif for fhe femperafure fo sfabilize and record 
fhe inifial femperafure in Table 6.1 fo fhe 0.1°C. 

5. Add all of fhe KCl info fhe calorimefer, and sfir fhe mixfure confinu- 
ally. Tilf fhe cup slighfly if needed fo gef fhe fhermomefer bulb fully 
immersed in fhe liquid. 

6. Confinue fo monitor fhe femperafure unfil a minimum femperafure 
is reached and fhe femperafure has sfarfed fo definitely increase. 
Record fhe minimum femperafure obfained fo fhe 0.1°C. 

7. Calculafe AHs„, in kj/mole KCl using fhe formula = -me AT. 

8. Perform one addifional frial, average fhe kj/mole KCl values, 
and compare your experimenfal value fo fhe liferafure value of 
17.22 kj/mole. Determine percenf error. 




Figure 6.1 Apparatus setup. 
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Part 2: Finding mass and percent of water in CaCl2-xH20 

1. Weigh two clean, dry, nested Styrofoam cups and record the mass 
in grams in Table 6.2. Add approximately 15 g of DI wafer fo fhe 
cups and record fhe exacf mass of fhe nesfed Sfyrofoam cups wifh 
fhe wafer. 

2. Assemble fhe calorimefer apparafus fhe same as you did for Parf 1. 
Waif for fhe femperafure fo sfabilize and record fhe inifial fempera- 
fure in fhe dafa fable. 

3. In a clean, dry, preweighed small beaker, weigh ouf approximafely 

0.010 mole of CaClj-xHjO. (Use your calculafions from fhe prelab 
secfion.) Record fhe exacf mass, and cover wifh a wafch glass, in 
Table 6.2. Hint: Perform your measuremenfs quickly for more accu- 
rafe resulfs. 

4. Immediafely add fhe CaCl2-xH20 info fhe calorimefer, and sfir 
fhe mixfure confinually. Tilf fhe cup slighfly if needed fo gef fhe 
fhermomefer bulb fully immersed in fhe liquid. 

5. Confinue fo monifor fhe femperafure unfil a maximum femperafure 
is reached and fhe femperafure has sfarfed fo definifely decrease. 
Record fhe maximum femperafure obfained fo fhe 0.1°C. 

6. Using fhe liferafure value of AHs„,, -81.3 kj/mole, and fhe formula 
AHs„; = -mcAT, find fhe mass of anhydrous CaCl 2 presenf in fhe drying 
agenf. 

7. Calculafe fhe percenf of CaCl 2 in fhe sample of CaCl 2 - XH 2 O. 

8. Perform one addifional frial and calculafe fhe average percenf of 
CaCl 2 in fhe sample of CaCl 2 ■ XH 2 O, as well as fhe average percenf of 
wafer in fhe sample. 

Part 3: Finding density and specific heat for fishing sinkers 

1. Make a hof wafer bafh by adding approximafely 300 ml DI wafer info 
a 400 ml beaker and placing if on a hof plafe. Heaf fhe wafer fo boiling. 

2. While fhe wafer bafh is heafing, weigh af leasf 20 g of your unknown 
sample of fishing sinkers and record fhe exacf mass. 

3. Place 4 ml wafer info a 10 ml graduafed cylinder. Defermine and 
record fhe exacf volume of wafer in Table 6.3. 

4. Tilf fhe graduafed cylinder almosf horizonfally and carefully place 
fhe sinkers info fhe graduafed cylinder. Slowly fill fhe graduafed cyl- 
inder back up so fhe sinkers will gradually slide down. If any wafer 
splashes ouf, you will need fo sfarf over again affer drying your sink- 
ers wifh a paper fowel. Defermine and record in Table 6.3 fhe exacf 
volume fhe wafer and sinkers come up fo in fhe graduafed cylinder. 

5. Remove fhe sinkers from fhe graduafed cylinder and complefely dry 
fhem wifh a paper fowel. 
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6. Place the sinkers in a medium test tube by tilting the test tube and 
letting them slide down. Use a test tube holder to place the test tube 
with the sinkers into the hot water bath. Caution: The water bath is 
hot! Heat the water for at least 10 minutes after it begins to boil again 
to ensure the sinkers are the same temperature as the hot water. 

7. While the water is heating, weigh two dry, clean Styrofoam cups 
fhat are nested together, and record the exact mass in Table 6.3. 

8. Add approximately 25 g D1 water to the Styrofoam cups. Record the 
exact mass of the Styrofoam cups wifh the D1 water in Table 6.3. 

9. Assemble the calorimeter apparatus the same as you did for Parf 1. 
Wait for temperafure to stabilize and record the initial temperature 
in the data table to the 0.1°C. 

10. After the water in the hot water bath has boiled at least 10 minutes, 
ascertain the initial metal temperature by determining the tempera- 
ture of the hot water bath to the 0.1°C. 

11. Use a test tube holder to remove the test tube containing the sink- 
ers. Carefully and quickly pour fhe sinkers info the calorimeter. 
Caution: The water bath and sinkers are hot! Make sure no water 
on the outside of the test tube drips into the calorimeter or that any 
water splashes out of the calorimeter. Turn off the hot plate and let 
the water in the beaker cool before touching. 

12. Stir the mixture in the calorimeter until you have determined the 
maximum temperature reached. Record the maximum temperature 
in Table 6.3 to the 0.1°C. 

13. Calculate the density and the specific heat for fhe fishing sinkers. 
Determine if the sinkers you tested were made from tungsfen or 
steel. Tungsten has a density of 19.35 g/ml at 20°C and a specific heat 
of 0.133 J/g°C. Steel's density and specific heat vary depending on 
the type. Its density is usually close to 7.85 g/ml, and its specific heat 
is close to 0.452 J/g°C. 
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Name 

Data 

Part 1: Finding AH of potassium chloride 

Table 6.1 Data for Finding Enthalpy of KCl 
Trial number Trial 1 Trial 2 

Mass of cups (g) 

Mass of cups + wafer (g) 

Mass of wafer (g) 

Mass of KCl beaker (g) 

Mass of KCl + beaker (g) 

Mass of KCl (g) 

Moles of KCl 

Initial temperature (°C) 

Minimum temperature (°C) 

kj heat 

Average AH,„, 

% error 
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Part 2: Finding mass and percent of water in CaCl2-xH20 

Table 6.2 Data for Finding Amount of Water in CaClj • xHjO 
Trial number Trial 1 Trial 2 

Mass of cups (g) 



Mass of cups + water (g) 



Mass of water (g) 



Mass of beaker (g) 



Mass of CaClj + beaker (g) 



Mass of CaClj • xHjO (g) 



Initial temperature (°C) 



Maximum temperature (°C) 



Mass of CaClj (g) 



% CaClj in CaClj • xHjO 



Average % CaClj in CaCl 2 ■ XH 2 O 



Average % of water in sample 
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Part 3: Finding density and specific heat for fishing sinkers 

Unknown number: 

Table 6.3 Data for Finding Density and Specific Heat for Fishing Sinkers 

Trial 1 Trial 2 (optional) 

Mass of sinkers (g) 

Wafer reading wifhouf sinkers (ml) 

Wafer reading with sinkers (ml) 

Water displaced (ml) 

Density of sinkers (g/ ml) 

Mass of cups (g) 



Mass of cups + wafer (g) 
Mass of wafer (g) 



Initial water temperature in 
calorimeter (°C) 



Final water temperature in 
calorimeter (°C) 



Hot water bath temperature (°C) 



Specific heaf of fhe sinker 
Metal used to make sinker 
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Observations 

Part 1: Finding AH of potassium chloride 



Part 2: Finding mass and percent of water in CaCl2-xH20 



Part 3: Finding density and specific heat for fishing sinkers 
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Calculations 

Part 1: Finding of potassium chloride 

Calculations for 

Trial 1: 



Trial 2: 



Average and percent error calculations: 



Part 2: Finding mass and percent of water in CaCl2-xH20 

Calculations for % CaClj and % HjO in sample: 



Trial 1: 
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Trial 2 : 



Average % CaCl2 and % H2O: 



Part 3: Finding density and specific heat for fishing sinkers 

Density of fishing sinkers: 



Specific heaf of fishing sinkers: 
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Analysis 

1. Evaluate the percent error in Part 1. If the percent error is high, what 
do you think could have caused this? What could be done to improve 
the percent error? 



2. Based on the average percent H 2 O you found in Parf 2, how many 
moles of wafer and how many moles of CaCl 2 would be in a 10.000 g 
sample? 



3. The X in CaCl 2 ■ XH 2 O is frequenfly seen as 1, 2, 4, or 6. Which one is 
closes! fo whaf you found? How do you explain why if is nof exacfly 
one of fhese? 



4. How would your resulfs differ if fhe lid had been leff off of fhe 
calcium chloride boffle for an hour before fhe experimenf? Why? 
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Think green 

1. Ammonium nitrate is often used for fhis experimenf insfead of 
pofassium chloride fo demonsfrafe an endofhermic reacfion. Look 
up fhe (maferial) safefy dafa sheef ((M)SDS) for bofh compounds. In 
ferms of green chemisfry, discuss fhe advanfages of using pofassium 
chloride insfead of ammonium nifrafe in fhis experimenf. Defermine 
which of fhe 12 principles of green chemisfry would be negafively 
impacfed by conducfing fhis experimenf wifh ammonium nifrafe. 

2. The reacfion befween NaOH and HCl is offen used for fhis experi- 
menf insfead of calcium chloride and wafer fo demonsfrafe an exo- 
fhermic reacfion. Defermine which of fhe 12 principles of green 
chemisfry would be negafively impacfed by changing fo reacfing 
NaOH and HCl, and discuss fhe reasons for your answer. 

3. Reacfions used by indusfry are offen exofhermic and can increase 
cooling wafer femperafure. Indusfries musf cool fhis wafer before 
releasing if info sf reams. Research fhe effecfs of releasing wafer fhaf 
is a by-producf of an exofhermic reacfion info a sfream, paying close 
affenfion fo how fhis can affecf fhe aquafic environmenf. 



Presidential green chemistry challenge 

In fhis lab you idenfified fhe mefal used fo make a greener fishing 
sinker fhaf was developed fo replace fhe fradifional lead fishing sinkers. 
The Environmenfal Profecfion Agency (ERA) gave ifs 2004 Presidenfial 
Green Chemisfry Award in fhe Designing Greener Chemicals cafegory 
fo Engelhard Corporafion for developing greener pigmenfs fo replace ifs 
heavy mefal-based pigmenfs. Look up informafion abouf fhis award on 
EPAs websife (www2.epa.gov/green-chemisfry) under challenge award 
winners and wrife a brief summary abouf how fhis fechnology ufilizes 
principles of green chemisfry. 
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Spectroscopic determination 
of food dye in popsicles 

How would you like to eat foods that were dyed 
with chemicals containing heavy metals like lead 
and mercury? 

Coloring food to make it look more appealing has been around for many 
centuries. In the past, very toxic chemicals were used at times that some- 
times even caused death. Today, food dye is regulafed worldwide to prevent 
toxic food dyes from being used. Food dyes can be synthefically produced 
or nafurally derived. Synthefic food dyes are usually derived from pefro- 
leum and are less expensive, easily blended, do not add flavor, and have 
superior coloring properfies. However, some have been associafed wifh 
healfh concerns, which has prompted food companies to search for more 
nafural options. For example, because of sensitivifies, FD&C Red 40, shown 
in Figure 7.1, musf be clearly indicafed on the label as an ingredient. 

One of the more popular natural replacements for FD&C Red 40 is 
carmine, which is exfracfed from cochineal insecfs. Unforfunately, if is 
also known to cause severe allergic reactions. Much research is being 
done to develop greener natural food colorants that are not only safer, but 
also stable to heat, light, and pH changes. 

Food companies want their food to have consistent color. To do this, 
they have to be able to quantify how much food dye is presenf. One 
method used is UV-visible spectroscopy. Spectroscopic methods rely on 
the ability of subsfances fo absorb electromagnefic radiafion. UV-visible 
specfroscopy uses the energy, or light, in the UV and visible ranges of fhe 
electromagnetic spectrum. This energy is sufficient to promote an elec- 
tron from a ground elecfronic state to a higher energy excited electronic 
state. Only certain wavelengths of light will be absorbed by the electrons 
in a substance. 

To find ouf how much of a particular substance is in a sample, a spec- 
trum must first be obtained to determine which wavelengths are absorbed. 
The amount of light absorbed by the sample at different wavelengths is 
measured by comparing the intensity of the light emitted from fhe light 
source to the intensity of the light that emerges from fhe sample. To do 
fhis, focused UV or visible lighf is shone fhrough a cuveffe confaining 
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Figure 7.1 Chemical structure for FD&C Red 40 food dye. 




(599.4, 0.459) 



Wavelength (nm) 



Figure 7.1 FD&C Blue 1 spectrum. 

a dilute liquid sample. A prism or diffraction grating separates the dif- 
ferent wavelengths of light so a detector can more accurately determine 
which wavelengths of light have been absorbed. The ultraviolet (UV) 
region scanned is normally from 200 to 400 nm, and the visible portion 
is from 400 to 800 nm. The wavelengths at which absorption occurs and 
the amount of absorption at each wavelength are recorded. The resulting 
spectrum is presented as a graph of absorbance {A) versus wavelength. 
An example of the spectrum for FD&C Blue 1 overlaid at different concen- 
trations is shown in Figure 7.2. 

From a substance's spectrum a wavelength is chosen to use for quan- 
titation. Often this is the tallest peak, called the or is close to it, but 
other wavelengths may be preferred. The wavelength chosen must be 
where the substance of interest absorbs without a lot of noise or interfer- 
ences from other components present in the sample of interest. 
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After the wavelength is chosen, absorbances of progressively more 
concentrated standard solutions are determined at that wavelength. As the 
color increases, or becomes more intense, less light is able to reach the 
detector. Absorbance measurements are found by comparing the amount 
of light that enters the sample to the amount of light that exits the sam- 
ple. A sample's concentration is directly related to the absorbance (A). The 
equation used for this is known as Beer's law, and is shown in Equation 7.1: 

A = ebc (7.1) 

where ^ is the molar absorptivity, b is the path length through the sample, 
and c is the concentration. 

Molar absorptivity is a physical constant characteristic for a particu- 
lar substance and relates the amount of light a particular substance will 
absorb per unit of concentration. Different molecules do not absorb light 
equally. Molar absorptivities may be very large for strongly absorbing 
chromophores and very small if absorption is weak. A chromophore is the 
section in a molecule that absorbs or reflects light and determines the color. 

To determine the amount of a substance present in a solution, a cali- 
bration curve must first be made by graphing the absorbance of the stan- 
dards versus concentration. If the curve follows Beer's law, it is linear and 
a trendline equation is generated. A standard curve is shown in Figure 7.3 
for FD&C Blue 1 at a wavelength of 630.3 nm. 

Most graphs will follow Beer's law for lower concentrations. Usually 
due to various factors, the line will start to curve at higher concentrations, 
making it no longer valid to use for quantitation at higher concentra- 
tions. Standards are chosen that have concentrations low enough to fall 
within the linear range. The solution that is to be analyzed should have 
an absorbance value that falls within the absorbance range measured for 




Figure 7.3 Calibration curve example. 
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the standard solutions. If a sample's absorbance value does not fall wifhin 
fhis range, if is dilufed to ensure it will fall wifhin fhe sfandard range. 
By using fhe trendline equation generated from fhe sfandard solufions, 
fhe absorbance of a sample can be substifufed for y, and fhe resulfing x is 
fhe concenfrafion of fhe dilufed sample used. The actual concentration 
can be determined since the amount of dilufion is known. 



Objective 

In fhis experiment, you will use UV-visible spectroscopy to determine the 
amount of FD&C Red 40 food coloring in red and pink freezer pops. 
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Name 



Prelab questions 

1. In this lab, a 1.000 g/L stock solution of FD&C Red 40 will be pro- 
vided. Fill in Table 7.1 to show how you will prepare the standard 
solutions listed using only 2.00 and 5.00 ml volumetric pipets and 
100.00 and 200.00 ml volumetric flasks. 

Table 7.1 Standard Solutions Preparation 
Standard Volumetric pipet size Volumetric flask size 

0.0100 g/L 

0.0200 g/L 

0.0250 g/L 

0.0500 g/L 



2. A sfandard curve was made for FD&C Blue 1 food dye and fhe 
frendline equafion was defermined fo be y = 56.8x + 0.0498, where x 
is given in g/L. A freezer pop sample was found to have an absor- 
bance value at the analyzed wavelength of 1.989 AU, where AU is 
absorbance unifs. How many milligrams of FD&C Blue 1 are in a 
40.00 ml freezer pop? 
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3. If the largest standard solution absorbance is 2.590 AU and a red 
freezer pop gives an absorbance value of 3.056 AU, would the result- 
ing grams of Red 40 calculated be correct? Why or why not? 



4. If the absorbance value for the red freezer pop was over the largest 
standard solution absorbance, explain how you could correct for this. 



5. Research and evaluate the hazards for all chemicals you will be 
using. Study the procedure and look for other possible hazards that 
exist. List all hazards, including ones from chemicals. What protec- 
tive equipment will you need to use? 
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Procedure 

1. Set up a UV-visible spectrophotometer according to your instru- 
ment's instructions and allow it to warm up. 

2. Obtain approximately 20 ml of the 1.000 g/L stock FD&C Red 40 
solution provided in a 50 ml beaker. Prepare the standard solutions 
according to Table 7.1 in the prelab. Mix all standard solutions well. 

3. Pour all of fhe liquid confenf of an unfrozen pink freezer pop info a 
100 ml (or 50 ml) graduafed cylinder and record fhe exacf volume. 

4. Pour all of fhe liquid confenf of an unfrozen red freezer pop info a 
100 ml (or 50 ml) graduafed cylinder and record fhe exacf volume. 

5. Make a 50% dilufion of fhe red freezer pop solufion by firsf pipeffing 
10.00 ml of fhe red freezer pop solufion info a 50 ml beaker. Rinse fhe 
pipef wifh deionized (DI) wafer and fhen pipef 10.00 ml of DI wafer 
info fhe same beaker and mix well. 

6. Rinse a cuveffe wifh DI wafer af leasf fhree fimes and fhen fill if 
fhree-fourfhs full wifh DI wafer. Wipe fhe sides wifh a KimWipe’’''^. 
Run fhe blank in fhe UV-visible specfrophofomefer befween fhe 
wavelengfhs of 400 and 600 nm. 

7. Rinse a cuveffe wifh fhe 0.0200 g/L sfandard solufion af leasf fhree 
fimes and fhen fill if fhree-fourfhs full wifh fhe 0.0200 g/L sfandard. 
Obfain a visible specfrum for if befween fhe wavelengfhs of 400 and 
600 nm, and defermine fhe besf wavelengfh fo use for fhe analysis. 
Record fhe wavelengfh chosen. 

8. Obfain and record in Table 7.2 absorbance values af fhe chosen wave- 
lengfh for each of fhe sfandard solufions, making sure fo properly 
rinse fhe cuveffe befween sfandards. Be sure fo go from fhe lowesf 
value sfandard fo fhe highesf value sfandard. 

9. Obfain fhe absorbance values for fhe pink freezer pop sample and 
fhe dilufed and undilufed red freezer pop samples. Make addifional 
dilufions if needed and obfain fheir absorbance values. 

10. Make a sfandard curve using Microsoff Excel by ploffing absorbance 
(y axis) versus concenfrafion (x axis). Inserf a linear frendline and 
display fhe equafion and R-squared value on your graph. Record fhe 
frendline equafion. 

11. Calculafe fhe milligrams and fhe number of moles of FD&C Red 40 in 
fhe pink and red freezer pops. Use 496.42 g/mole as fhe molar mass. 
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Name 

Data 

Wavelength: 

Milliliters of pink freezer pop confenfs: 
Millilifers of red freezer pop confenfs: 



Table 7.1 Absorbance Values for Standards and Samples 



Solution 


Absorbance 


Blank 


0.000 


0.0100 g/LFD&C Red 40 




0.0200 g/LFD&C Red 40 




0.0250 g/LFD&C Red 40 




0.0500 g/LFD&C Red 40 




Pink freezer pop 




50% diluted red freezer pop 




Red freezer pop 
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Trendline equation: 



Observations 
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Calculations 

Mass of FD&C Red 40 in 1 pink freezer pop (mg): 



Moles of FD&C Red 40 in 1 pink freezer pop (mole): 



Mass of FD&C Red 40 in 1 red freezer pop (mg): 



Moles of FD&C Red 40 in 1 red freezer pop (mg): 
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Analysis 

1. The pink freezer pop contains what percent of the FD&C Red 40 
found in the red freezer pop? Does this seem reasonable? 



2. Did the calibration curve obey Beer's law? Explain why or why not. 



3. Did you use the absorbance value for the undiluted or the diluted 
sample of the red freezer pop? Explain why this one was chosen. 
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Think green 

1. Food manufacturers are often challenged to find natural food dyes 
to replace synthetic ones. In terms of the 12 principles of green chem- 
istry, why might using a natural food dye be considered greener? 
What could prevent them from being evaluated as more green? 

2. Betanin is a natural red food dye extracted from beets. Research 
betanin and decide if it could be a suitable natural replacement 
for Red 40 in freezer pops. Do you think it would absorb similar 
wavelengths of light as Red 40? Explain your answers. If time and 
resources permit, test your hypothesis by making red food coloring 
from beets and obtaining a UV-visible spectrum of your extract. 



Presidential green chemistry challenge 

Other industries besides food companies are researching ways to 
replace petroleum-derived products with naturally derived ones. The 
Environmental Protection Agency (EPA) gave its 2008 Presidential 
Green Chemistry Award in the Greener Synthetic Pathways category to 
Battelle for developing a bio-based laser printer and copier toner. Look 
up information about this award on EPAs website (www2.epa.gov/ 
green-chemistry) under challenge award winners and write a brief sum- 
mary about how this technology utilizes principles of green chemistry. 
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Separation of food dyes 
by paper chromatography 



Are green M&M's® made green with blue and yel- 
low food dyes, or is it a green dye? What dye colors 
are used to make orange M&M's®? These are ques- 
tions that can be answered through the use of a 
technique called chromatography. 

Chromatography is a method of separafing mixtures. It can be used to 
identify the components of a mixture when the sample is compared to the 
chromatograph of known substances. Chromatography is utilized in var- 
ious fields, including forensics, where it is used to identify subsfances. 
Anofher application is in the field of biotechnology, where chromatogra- 
phy is used to isolate proteins. Chromatography can also be utilized to 
find fraces of pesticides in groundwater. 

The concept of chromatography is based on two phases: the mobile 
phase and the stationary phase. The mobile phase is as expected — a 
moving phase. It can be either a liquid or a gas, depending on the type of 
chromatography. The stationary phase remains in place, and it can be a 
solid or a liquid. A good separation results when the components of a mix- 
fure have varying levels of affinity for the mobile and stationary phases. 
Think of the mobile phase as a moving stream and the stationary phase 
as the streambed. If you were fo toss a leaf, very small pebbles, and a large 
rock into a fast-moving stream, what would happen? 

Many things affect the affinity of a subsfance (fhe analyte) for fhe 
mobile or sfafionary phase, including polarify, solubilify, parficle size, 
and elecfrical charge. Chemisfs can use fheir knowledge of fhese proper- 
fies to separate a mixture effectively. Different types of mobile and sfa- 
fionary phases lead fo many dif ferenf fypes of chromatography, including 
paper, ion exchange, gas, high-performance liquid, column, affinify, and 
fhin-layer chromatography 

The firsf objective of this experiment is to determine the best mobile 
phase for the dyes found in candy-coafed M&M's®, keeping in mind fhat 
fhe goal of chromatography is to have a clear separation of the compo- 
nents of a mixture. The method you will utilize is paper chromatography. 
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The type of paper used determines how fast the mobile phase moves. It is 
actually the atmospheric water bound to the paper's cellulose that acts as 
the stationary phase in paper chromatography. 

The mobile phase is also known as the eluting solvent. You will con- 
duct multiple tests to determine the best eluting solvent to separate the 
food dyes. Variants you will investigate include polarity and ionic char- 
acteristics through using salt water, water, and isopropanol as eluting sol- 
vents. Salt is an ionic substance, water is a polar substance, and isopropyl 
alcohol is much less polar than water. By changing the concentration of 
salt, you are changing the ionic characteristics of the solvent. By altering 
the concentrations of water and alcohol in the solution, you are changing 
the polarity of the solution. 

One way to compare the movement of the analyte (the substance 
being analyzed) is to calculate the Revalue. The Revalue is determined by 
taking the distance traveled by the analyte and dividing it by the distance 
traveled by the mobile phase. An illustration of what a final paper chro- 
matogram will look like and where to take the measurement to calculate 
an Revalue is shown in Figure 8.1. 




Figure 8.1 Example paper chromatograph. 
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Example Rf calculation 

The red spot moved 5.75 cm, and the mobile phase moved 8.5 cm: 



Rj= 5.75/8.5 = 0.72 

When there is more than one dye present, the Rj is calculated and 
recorded for both spots. 

After you have determined the best mobile phase, you will need to 
identify which dyes are presenf in your M&M's®. Af firsf if may seem 
fairly easy fo defermine whaf food dyes are presenf based only on fheir 
color, buf fhis is nof always possible. If your M&M's® are coafed wifh fhe 
fradifional synfhefic food dyes, a yellow/orange spof could be from eifher 
Yellow 5 or Yellow 6, and a blue spof could be from eifher Blue 1 or Blue 2. 
If your M&M's® are coafed wifh nafural food dyes like fhey are in fhe 
UK, a yellow/orange spof could be from eifher furmeric or [3-carofene. 
To verify fhe idenfificafions are correcf, sfandards of fhese dyes need fo be 
run using fhe same condifions and a comparison of fheir values made. 

In fhis lab, you are using fhree differenf fypes of solvenfs — an ionic 
solvenf, wafer, and a volafile organic solvenf. One of fhe fwelve principles 
of green chemisfry is fo use safer solvents and auxiliaries, and fhis is for a 
very good reason. Mosf organic reacfions involve using volafile organic 
solvenfs. This generafes large quanfifies of hazardous and toxic waste 
fhaf need fo be reclaimed or disposed of properly. Several approaches 
are often considered when changing fo a safer solvenf, one of which is fo 
eliminafe fhe solvenf, and anofher is fo use wafer, buf frequenfly neifher 
of fhese approaches will work. Wafer usually does nof dissolve more non- 
polar organic molecules. Anofher promising green solufion is fo use ionic 
liquids, and even beffer, fo use ionic liquids made from renewable feed- 
stock. An ionic liquid is a fype of salf like fhe NaCl you will use wifh a 
cafion and an anion, buf if does nof have fo be dissolved in wafer since if is 
a liquid below 100°C. They can be custom designed for a parficular appli- 
cafion. A major advanfage is fheir lack of measurable volafilify, making 
fhem much less hazardous and able fo be used in microwave synfhesis. 

Objective 

In fhis experiment you will invesfigafe fhe concepf of paper chroma- 
fography, and affempf fo achieve clear separafion of food dyes found in 
M&M's® by varying fhe elufing solvenf (mobile phase). You will also iden- 
fify fhe food dyes presenf in your sample. 
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Name 

Prelab questions 

1. Rank the following solutions from least polar to most polar: 
50% isopropanol/HjO 

25% isopropanol/HjO 

Pure water 

70% isopropanol/HjO 



2. Identify in fhe procedure fhe analyfe, eluting solvents (mobile 
phases), and the stationary phase: 

Analyte: 



Eluting solvents: 



Stationary phase: 
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3. Why would it be important to know which food dyes are in your 
food? 



4. If 70% isopropanol/HjO and 0.5% NaCl/H20 worked equally well 
as elufing solvenfs for a parficular separafion, evaluate which would 
be the greener one to use, and explain your answer. 



5. Research and evaluate the hazards for all chemicals you will be 
using and lisf them. Study the procedure and look for other pos- 
sible hazards that exist and list these. What protective equipment 
will you need to use? 
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Procedure 

Part 1: Determining the best mobile phase 

1. Place three regular M&M's® of one color into a 50 ml beaker, and add 
1 ml of 70% isopropyl alcohol. Stir gently with a lab scoop until the 
candy's white undercoating appears. This may take a few minutes. 
Be sure to get most of the color off of the M&M's®. 

2. Quickly decant the liquid into a small test tube or vial. Some white 
powder may be present in the liquid, but it will not affect the results. 

3. Repeat step 1 for two other colors of M&M's®. Be sure to clean your 
beaker and lab scoop well between colors. Allow the sample solu- 
tions to sit and concentrate while the developing chamber and sta- 
tionary phase are being prepared. 

4. Prepare the developing chamber with solvent 1 by pouring deion- 
ized (DI) water into a 400 ml beaker (or a developing jar) to a depth 
of approximately 0.5 cm. Cover with plastic wrap (or a lid). 

5. Obtain a piece of chromatography paper that is approximately 5.0 cm 
wide by 10 cm long. 

6. Using a pencil, mark the chromatography paper 1 cm from the bot- 
tom, as shown in Figure 8.1. Place small pencil marks 1 cm from 
both edges and one in the middle. Determine and note where each 
analyte will be spotted. 

7. Dip a small capillary tube into one of the sample solutions. Capillary 
action will draw solution into the tube. 

8. Quickly and lightly touch the end of the capillary tube with the solu- 
tion on its appropriate mark on the chromatography paper. A small 
spot of analyte solution should now be present. The spot must be 
high enough that it will not touch the developing solvent when the 
spotted chromatography paper is placed in the developing chamber. 
Repeat for each of the sample solutions. 

9. Allow the spots to completely dry. Repeat spotting until colored 
dots are very visible. This should take 7-10 times and depends on 
the concentration of your analyte solution. Be sure the spots are dry 
each time before spotting again. Allow all spots to dry completely. 

10. Tape the top of the spotted chromatography paper to a wood splint 
so that only the top edge has tape on it. Place the spotted chromatog- 
raphy paper in the developing chamber (400 ml beaker) so that it is 
hanging down from the wood splint about 1 mm above the bottom 
of the beaker. Be sure it is not touching the glass. Replace the plastic 
wrap over the beaker's top. 

11. Allow the solvent to travel by capillary action to about 1 cm from the top 
of the chromatography paper. After it has, remove it and mark the edge 
of the solvent front. Let it dry, and then trace each spot with a pencil. 
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12. Measure from the spotting line to the top of each spot and record 
the distance traveled by each spot of color. Some M&M's® colors will 
have more than one spot. The distance traveled by each spot will 
need to be measured and recorded in the same cell of the data table. 

13. Repeat the procedure using developing solvents 2-4 that are listed 
in Table 8.1. Also try at least one more developing solvent that you 
think may give better separation. 

14. Calculate and record their Revalues in Table 8.1. 

Part 2: Identifying the food dyes present 

1. Obtain a piece of chromatography paper that is approximately 
6.5 cm wide by 10 cm long. Make sure it will not touch the sides of 
the developing chamber when placed in it after it is spotted. 

2. Using a pencil, mark the chromatography paper 1 cm from the bot- 
tom. Determine how many standards you will be spotting, and then 
place this many evenly spaced pencil marks along the bottom line. 

3. Spot the standards until the colored dots are very visible. This should 
take two or three times since they will be more concentrated. Allow 
all spots to dry completely. 

4. Develop the spotted chromatography paper in the solvent you deter- 
mined gave the best separation. 

5. Measure and record the distance traveled by each spot in Table 8.2. 
Also calculate and record their Revalues. 
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Name 



Data 

Part 1: Determining the best mobile phase 



Table 8.1 Distance and Revalues of Sample's Spots 





Distance 

solvent 




M&M's® color, distance spots 
traveled (cm), and Rf 


Solvent 


traveled (cm) 


Color: 


Color: 


Color: 


Solvent 1: 
DI water 


cm: 


cm: 


cm: 


cm: 






Rf. 


Rf 


Rf 


Solvent 2: 

70% isopropyl 
alcohol 


cm: 


cm: 


cm: 


cm: 






Rf. 


Rf 


Rf 


Solvent 3: 
0.20% w/v 
NaCl solution 


cm: 


cm: 


cm: 


cm: 






Rf 


Rf 


Rf 


Solvent 4: 
0.50% w/v 
NaCl solution 


cm: 


cm: 


cm: 


cm: 






Rf 


Rf 


Rf 


Solvent 5: 


cm: 


cm: 


cm: 


cm: 






Rf 


Rf 


Rf 
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Part 2: Identifying the food dyes present 

Distance solvent traveled (cm): 

Table 8.2 Distance and Revalues of Standard's Spot 
Distance spot 

Food dye traveled (cm) Rf 



Observations 
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Calculations 

Calculate Rf values for every spot seen for each dye color in all of the 
solvents. Use the following formula to calculate the values and place 
them in Table 8.1. Show a sample calculation for the first Rf value listed. 
Hint: All Revalues should be less than 1. 

Rf= analyte (cm)/solvent front (cm) 
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Analysis 

1. Which solvent provided the best separation? 



2. Explain which characteristics of the solvent were used to effectively 
separate the analytes. 



3. Which solvent provided the second-best separation? Predict simi- 
larities between the two solvents that could account for fhe success 
of separafion. 



4. Whaf food dyes were presenf in each of fhe colors you fesfed? 



5. Some people, especially children, have food allergies or sensifivifies 
fo some food colorings, and need fo know wifhouf a doubf which 
food dyes are presenf. Can fhe analysis you performed definifely fell 
which food dyes are presenf? Explain your answer. 
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Think green 

1. Turmeric, (3-carotene, and carmine are natural dyes that are substi- 
tuted at times for yellow, orange, and red. Do you think the same 
solvent system you used would work to separate food dyes coated 
with these natural dyes? If fime and resources permit, try it for any 
of fhese nafural food dyes fhat are available. If fhe same conditions 
do not work, attempt to determine a solvent system that does. 

2. Which do you think is greener — synthetic or natural food dyes? 
Jusfify your answer using fhe 12 principles of green chemistry. 

3. Research ionic liquids and an application where they are being used. 
Write a summary of whaf you find. 



Presidential green chemistry challenge 

One challenge of green chemisfry is fo find replacements for volafile organic 
solvenfs. Af fimes, ionic liquids are suitable alternatives. The Environmental 
Protection Agency (EPA) gave its 2005 Presidential Green Chemistry Award 
in the Academic category to Professor Robin D. Rogers of the University 
of Alabama for developing a way to use ionic liquids to dissolve cellulose, 
which allows it to then be made into new materials. Look up information 
about this award on EPAs website (www2.epa.gov/green-chemistry) under 
challenge award winners and write a brief summary abouf how this tech- 
nology utilizes principles of green chemisfry. 
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What is the best solution to lower 
a freezing point? 

Have you ever stopped to wonder how salt put on 
the roads in winter allows them not to freeze? Or 
how antifreeze keeps the water in your car's radia- 
tor from freezing? 

Alfering the freezing point of solufions is a very common pracfice. 
For instance, one of fhe most common uses is salting roads with NaCl or 
CaCl 2 before or affer a winfer storm to melt ice by lowering its freezing 
poinf. Even though NaCl is considered reasonably safe, some areas fhat 
have to use it often are now seeing negative environmental consequences, 
such as toxic chloride levels to aquatic life in many sfreams, and damage 
fo roadside vegefafion. For this reason different chemicals are being 
considered, but so far a cost-effective replacement has not been found. 

Another example of where freezing point depression is used is adding 
antifreeze in vehicle radiators to keep the water in them from freezing in 
cold femperatures. The amounf of antifreeze added fo fhe wafer depends on 
how cold if gets where the car will be driven. Vehicles driven in very cold 
climates need a higher percentage of anfifreeze in their radiators than those 
driven in warmer climates. 

Glycerol was once used as antifreeze for cars, buf was replaced by 
efhylene glycol since a lower freezing poinf could be obtained with an 
ethylene glycol-water mixture. This is especially important in areas that 
can have very cold temperatures. Unfortunately, ethylene glycol has two 
major disadvantages over glycerol. The first is that even though it is natu- 
rally sweet tasting, it is poisonous if ingesfed. The second is fhat it is made 
from ethylene, and ethylene is made from fhe lower boiling componenfs 
of petroleum. The process involves heating to extremely high tempera- 
tures that are over 750°C. Glycerol is considered nontoxic and can be pro- 
duced from renewable resources at much lower temperatures. 

The basis for fhe freezing point depression is due to something known 
as colligative properties. Golligative properties are properties dependent 
on the number of solute molecules or ions in a solution, but not their iden- 
tity or nature. This allows for the substance to have a lower freezing point 
than normal, which is useful when trying to keep the roads from freezing. 
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Calculations of colligative properties involve a term called the van't 
Hoff factor, i. It represents how many particles into which the substance 
separates when dissolved in a solution. For example, MgClj has a van't 
Hoff factor of 3 because it readily dissociates into Mg^+ and 2CF when 
dissolved in water. Sucrose is covalently bonded, so it does not dissociate 
when dissolved in water. It has a van't Hoff factor of 1. Potassium acetate 
has a van't Hoff factor of 2. It dissociates into potassium ions and ace- 
tate ions. Acetate ions are polyatomic ions. Polyatomic ions contain more 
than one atom, and the atoms making up the ion are covalently bonded 
to each other. Solutions containing a substance with a larger van't Hoff 
factor will lower a freezing point more than a solution of the same molar- 
ity that has a smaller van't Hoff factor. 

In this lab you will use freezing point depression to determine the 
molar mass of glycerol, sodium chloride, and calcium chloride. The calcu- 
lation involves two steps. In the first step, you will calculate the molality 
of the solution. Molality is the number of moles of solute per kilogram of 
solvent. It is calculated using the equation 

ATy = Kj-m- i 

where AT^ is the freezing point of pure solvent minus the freezing point 
of the solution, Kjis the cryoscopic constant (also called the freezing point 
depression constant), m is the molality of the solution, and i is the van't 
Hoff factor. 

°C-kg 

The cryoscopic constant depends only on the solvent. It is 1.853 p 

for water since the freezing point of water is lowered by this amount when 
there is 1.00 mole of nonvolatile solute particles 1 kg of water. 

The second step of the calculation uses the calculated molality, the 
mass of the solute, and the mass of the solvent in kilograms to determine 
the molar mass. An example is shown below. 



Example 

When determining the freezing point depression of a solution of 5.00 g 
of sucrose dissolved in 25.000 g of water, the solution freezes at -1.08°C. 
Calculate the molar mass of sucrose. 

Since water freezes at 0°C, ATj- = 0°C - (-1.08°C), or 1.08°C. 

Sucrose has a van't Hoff factor (i) of 1. 

The 25.000 g of water must be converted to kilograms: 



25.000g (1 kg/1000 g) = 0.025000 kg 
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Using the above values, the molality, m, can now be calculated: 



m = 



in{Kf) 



1.08°C 

m = ^ — ^ 

°C-ke 
( 1 ) 1 . 853 -^-^ 
mol 

m = 0.583 mole/kg water 

To obtain the molar mass, the grams of solute used is divided by the 
molality that was just calculated times the kilograms of solvent used: 

Molar mass = g solute/mole 



5.000 g 

0.583 (0.025000 kg H 2 O) 

kgH20 

= 343 g/mole 

The molar mass you obtained experimentally can then be compared 
to the theoretical molar mass that you should have obtained and a percent 
error calculated. 

The theoretical molar mass for sucrose is 342.3 — 

mol 

I theoretical value - experiment value I , 

% error = J- — ^ i x 100 

theoretical value 



I ':i42 - 343 1 

% error = ' ' x 100 = 0.292% 

342 

In this lab, a solution may enter a state of supercooling. Supercooling 
is when a chemical remains as a liquid even when ifs femperafure is 
lower fhan ifs freezing poinf. This is not the same as freezing poinf 
depression, where a solufe is added fo a liquid in order fo lower ifs 
freezing poinf. Supercooled wafer offen exisfs in clouds. Airplanes have 
fo be very careful of fhis since when fhey fly fhrough fhe clouds, fhey 
can seed crysfallizafion, which will cause ice fo form on fheir wings 
and insfrument probes. Ice can cause the wing to lose lift and damage 
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the instrument probes, causing the plane to crash. Fortunately, there are 
ways to prevent this from happening. 

Solutions often supercool in this lab. When this happens, the solution 
will have to warm up past the point of supercooling to its actual freezing 
point before it will freeze. Sometimes this can take a long time. To speed 
things up, a very small seed crystal can be added to a supercooled solu- 
tion. If this does not work within a few minutes, the solution can be taken 
out of the ice/salt bath and be allowed to warm up past 0°C. The solution 
can then be placed back in the ice/salt bath, and when the temperature is 
just below 0°C, a very small piece of ice can be added. 



Objective 

The purpose of this experiment is to determine the molar masses of 
glycerol, NaCl, and CaCl 2 by using the freezing point depression of each 
of the compounds in a solution. The molar masses you determine are then 
compared to their actual molar masses. 
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Name 



Prelab questions 

1. What are the colligative properties? 



2. What is the value of water? 



3. What is the van't Hoff factor, and what happens if it is not used 
when trying to calculate the molar mass of a subsfance? 



4. What are the van't Hoff factors for glycerol, sodium chloride, and 
calcium chloride? 



5. Research and evaluate the hazards for all chemicals you will be 
using. Study the procedure and look for ofher possible hazards that 
exist. List all hazards, including ones from chemicals. What protec- 
tive equipment will you need to use? 
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Procedure 

1. Obtain a 400 ml beaker and fill it three-fourths full of crushed 
ice. Add approximately 40 g of rock salt to the beaker and mix it 
thoroughly. Determine the temperature using a thermometer. The 
temperature should eventually reach about -10°C. 

2. As this is cooling, pour 15.0 ml of deionized (DI) HjO into a medium 
test tube. Clamp the test tube to a ring stand and lower it into the 
ice/salt bath, making sure all of the water in the test tube is located 
below the level of the ice. 

3. If an electronic thermometer is available, you may use it later to stir 
the solution in the medium test tube. If it is not available, clamp 
a wedged rubber stopper equipped with a thermometer to a ring 
stand. Lower it into the water in the test tube. Also place a stir rod in 
the DI water in the test tube. See Figure 9.1. 

4. Stir the solution until the temperature no longer decreases. Allow the 
solution to sit undisturbed and observe carefully for the appearance 
of crystals. If supercooling occurs, the temperature will decrease 
more than it should, and then start to rise before it freezes. When it 
freezes, the temperature will level off until it melts. This is the freez- 
ing point. 

5. Upon the appearance of crystals, record the temperature. This is 
the experimental freezing point for the water. It should be 0°C. If it 
is not, you will need to correct the rest of the freezing points for this 
difference. 




Figure 9.1 Apparatus. 
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6. Remove the test tube from the ice/salt bath immediately after the 
freezing poinf has been defermined in order fo prevenf the breaking 
of the test tube. Empty the ice and water from the test tube. 

7. Obtain and record in Table 9.1 the mass of a 50 ml beaker. Add 3.0 ml 
of glycerol fo if. Obfain and record fhe mass of fhe beaker and glycerol. 

8. Add 15.0 ml of deionized wafer. Record the mass of fhe beaker, glyc- 
erol, and DI wafer. Sfir unfil fhe solufion is well mixed. 

9. Ensure the ice/salt bath is still approximately -10°C or lower. If nof, 
add more ice and rock salf and pour ouf some of fhe wafer fo adjusf 
fhe femperafure. 

10. Pour fhe glycerol solufion info the test tube and place it in the ice 
bath. Make sure all of fhe solufion in fhe tesf fube is below fhe level 
of the ice. Place the thermometer in the solution. 

11. Stir until the temperature no longer decreases. After the temperature 
goes below -0.5°C, you can add a small piece of ice as a seed crysfal 
fo help prevenf supercooling. Be sure fo confinue fo sfir unfil fhe 
femperafure no longer decreases, even affer adding fhe ice crystal. 

12. Allow the solution to freeze and defermine fhe freezing poinf of the 
glycerol solution to the 0.1°C. Record the temperature and the cor- 
rected temperature (step 5) for when fhe solufion freezes. 

13. Repeal steps 7-12 using 0.750 g of NaCl instead of glycerol. Perform 
another trial using the same procedure with 0.750 g of CaCl 2 . 

14. After determining the freezing points, find the molar mass of all 
fhe subsfances used, and compare them to their theoretical values. 
Calculate the percent error for each. 
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Name 

Data 

Experimental freezing point for wafer (°C): 

Table 9.1 Data and Results for Molar Mass Determinations 

Glycerol NaCl CaClj 

Mass of 50 ml beaker (g) 

Mass of 50 ml beaker and solute (g) 

Mass of solute (g) 

Mass of beaker, solute, and H 2 O (g) 

Mass of HjO (g) 

Experimental freezing point (°C) 

Corrected experimental freezing point (°C) 

Experimental molar mass in g/ mole 
Actual molar mass in g/ mole 
% Error 



Observations 
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Calculations 

Calculations for the experimental molar mass of each compound: 
Glycerol: 



NaCl: 



CaCly 
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Analysis 

1. How do each of these molar masses compare to the theoretical 
molar masses? 



2. Calculate how much NaCl and CaCl 2 lower the freezing point per 
gram. If NaCl and CaCl 2 cost the same per gram, which one is the 
most cost-effective? 
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Think green 

1. Calcium magnesium acetate can be used as an alternative to rock 
salt. Research the composition of calcium magnesium acetate. 
Do you think it will lower the freezing poinf of wafer more or less 
per gram fhan rock sail? If fhere are fime and resources available, fry 
if and see if you are righf. 

2. Research fhe environmenfal impacf, effecfiveness, and cosf for cal- 
cium magnesium acefafe when if is used for deicing roads. Which 
of fhe 12 principles of green chemisfry would be posifively affecfed 
if calcium magnesium acefafe replaced rock sail as a road deicer? 
Which do you consider fhe besf choice fo use as a deicer? Jusf ify your 
answer. 

3. Research efhylene glycol and glycerol, including fheir freezing 
poinfs, foxicify, and how fhey are produced. Which of fhe 12 prin- 
ciples of green chemisfry would be posifively affecfed if glycerol 
replaced efhylene glycol in warmer climafes? Which do you consider 
fhe besf choice fo use as anfifreeze? Jusfify your answer. 



Presidential green chemistry challenge 

The Environmenfal Profecfion Agency (ERA) gave ifs 2006 Presidenfial 
Green Chemisfry Award in fhe Academic cafegory fo Professor Galen 
Suppes for a mefhod fo make wasfe glycerol from biodiesel producfion 
info efhylene glycol for aufomofive anfifreeze. Look up informafion abouf 
fhis award on EPAs websife (www2.epa.gov/green-chemisfry) under 
challenge award winners and wrife a brief summary abouf fhis fechnol- 
ogy and how if ufilizes principles of green chemisfry. 
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Standardization of a sodium 
hydroxide solution 

As individuals, we compare many things on a daily 
basis. Would you say that you are tall or short? These 
comparisons are not accurate imless we have a set 
height to which we are comparing ourselves. For 
instance, you are tall compared to a 2-year-old, but 
short compared to Shaquille O'Neal (who is very tall). 

We can easily compare the height of others to the known height of some- 
one else. Lef's assume fhaf your laboratory insfructor is 5 feef 10 inches. 
We are fold fhaf fhe girl in fhe fronf row is 5 inches shorter fhan your 
insfructor, while fhe baskefball player is 8 inches faller fhan your insfruc- 
for. In each of fhese cases, fhe heighf of fhe sfudenf is being evaluated com- 
pared to fhe heighf of your insfructor. We could fhen figure ouf fhaf fhe girl 
is 5 feef 5 inches and fhe baskefball player is 6 feef 6 inches wifhouf ever 
measuring fhe acfual heighf of eifher sfudenf individually. In loose chemi- 
cal terms, we could say fhaf your insfructor is fhe primary sfandard, and by 
knowing fhe difference, we are able to determine fhe heighfs of fhe sfudenfs. 

This is like a standard solution fhaf is used in a chemical analysis. 
If is a solufion in which fhe concenfrafion is precisely known. One can 
defermine fhe concenfrafion of a sfandard solufion for a fifrafion analysis 
by fhe process of standardization. To do fhis, a primary standard is used to 
accurafely defermine fhe molarify of fhe sfandard solufion. The primary 
standard solution is prepared by firsf oven drying fhe primary sfandard to 
a constant mass, and fhen dissolving a known amounf of if in a known vol- 
ume of liquid. A primary sfandard musf be very pure, reasonably soluble, 
sfable, nonhygroscopic, and of fairly high molar mass. 

If, like fhe heighf of your lab insfrucfor, fhe exacf molarify of fhe pri- 
mary sfandard solufion is known, fhen fhe number of moles can be deter- 
mined in anofher solufion using a fechnique known as sfandardizafion. 
A solufion can be sfandardized wifh a primary sfandard by carrying ouf 
a titration. In an acid-base fifrafion, an acid is added to a known quanfify 
of base (or base is added fo acid) unf il fhe moles of profons donafed by fhe 
acid equals fhe moles of hydroxide accepted by fhe base. This is known as 
a neutralization reaction. When neufralizafion occurs, fhe equivalence poinf 
of fhe fifrafion has been reached. 
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In this lab you will use citric acid, a natural product, as your primary 
standard. It is commonly used as a primary standard in small soapmak- 
ing companies. Using natural products relates to the seventh principle of 
green chemistry, which is use of renewable feedstocks. Citric acid is a tri- 
protic acid, and each molecule is capable of donafing up to three protons 
in an acid-base reaction. A sodium hydroxide solution will be the solution 
you will standardize in order to determine its molarity. 

As previously stated, the primary standard must be dried to a con- 
stant mass. Often chemicals will have some moisture present as an impu- 
rity, especially if they have been sitting open in a humid environment 
for a period of time. It is important to know the exact amount of moles 
of pure subsfance being used to prepare a primary standard solution. 
Therefore, all water must be removed from the substance. If water were 
included in the mass, the concentration of the primary standard would 
not be accurately known. To ensure all moisture condensed on the chemi- 
cal is removed, it is dried in an oven below its melting point, cooled in a 
dessicator, and weighed. This is repeated until all the water is removed 
and the mass remains the same. This is called a constant mass. 

Next, the primary standard solution is prepared by weighing the prod- 
uct and diluting it in water to an accurately known volume. The molarity 
of fhe primary standard is then calculated. To do this, first the number of 
grams weighed out must be converted to moles. The number of moles is 
fhen divided by the number of liters of solution made. 



Example 

Calculate the molarity of a solufion where 1.921 g of citric acid is weighed 
out and diluted to 100.0 ml. Citric acid's molecular formula is CgHg 07 . 

First, the molar mass of the citric acid is determined to be 192.124 g/mole. 
Next the mass of citric acid weighed out is converted to moles by dividing it 
by citric acid's molar mass. 



NloleS citric acid g 



1 mole 

molar mass(g) 



Moles citric a cid = 1.921 g ■ ^ ^ 0.1000 mole citric acid 

& i()2.l2A g 

The molarity, M, of the citric acid solution is then calculated by dividing 
the number of moles of citric acid by the number of liters of solution made: 



M = Moles/Volume in L 

Mcitricacid = 0.1000 mole/(100.0 ml x (1 L/1000 ml)) 
Mcitric acid = 0.1000 M 
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The standard is placed in a buret, and an exact volume of the solution 
of unknown molarity that is being standardized is placed into a flask. The 
primary sfandard is slowly added to the solution at definitive increments, 
and the pH is recorded using a pH meter. An example of data obtained in 
a titration involving a 0.100 M citric acid solution and 20.00 ml of a sodium 
hydroxide solution is shown in Table 10.1, and the data were graphed 
using Excel in Figure 10.1. 

The equivalence point is determined by plotting the volume of pri- 
mary standard versus the pH of fhe solution, and then finding fhe mid- 
point of the inflection, as shown in Figure 10.1. 

The midpoint is found by adding the pH values marked at each line of 
inflection and dividing that number by 2. It appears that the equivalence 
point was reached when 6.80 ml of citric acid was added to the solution. 



Table 10.1 Titration Data 



Milliliters of 
citric acid 
added 


pH 


Milliliters of 
citric acid 
added 


pH 


Milliliters of 
citric acid 
added 


pH 


0.00 


11.5 


6.20 


9.2 


7.60 


7.6 


1.00 


11 


6.40 


9.0 


7.80 


7.4 


2.00 


10.6 


6.60 


8.8 


8.00 


7.3 


3.00 


10.3 


6.80 


8.4 


8.20 


7.2 


4.00 


10.1 


7.00 


8.2 


8.40 


7.15 


5.00 


9.9 


7.20 


8.0 


9.00 


7.1 


6.00 


9.5 


7.40 


7.8 


10.00 


7.0 




Figure 10.1 pH versus milliliters of citric acid added. 
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Since citric acid is triprotic, it should have three separate endpoints. 
Usually the first and second endpoints are not seen since they do not have 
a fast drop of pH due to a buffering effect. 

An equivalence point is easier to see when using a strong acid or a 
strong base in a titration. A strong acid dissociates almost completely in 
water and easily gives up H+ ions. A strong base dissociates almost com- 
pletely in water to OH . Using these makes a sharper titration curve. The 
example given above uses a strong base and a weak acid. Observe the 
graphs in Figure 10.2 to note the differences. 

Once fhe equivalence point is found, the molar ratio is used to deter- 
mine the molarity. To determine the molar ratio, the reaction coefficients 
of the acid and base are first determined by balancing the reaction equa- 
tion. The reaction coefficients are the numbers in front of the acid or base 
in the balanced equation, and these are used to determine the molar ratio 
of fhe acid fo the base. The molar ratio is found by observing the reaction 
equation. For example: 

H0(C00H)(CH2C00H)2 + 3NaOH ^ HO(COO-Na+)(COO Na +)2 + 3 H 2 O 

In this case, we see 1 mole of citric acid reacting with 3 moles of sodium 
hydroxide. 






Strong Base Titrated with 
Weak Acid 




Weak Base Titrated with 
Weak Acid 


10 - 




10 - 




X 

CU 

5 - 


V 


X 

a. 

5 - 








n - 




0 -| 
( 


5 10 


0 5 10 




ml of Acid Added 




ml of Acid Added 



Figure 10.2 Acid-base titration graphs (volume versus pH). 
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This relationship can be combined with the definition of molarity to 
obtain a useful and simple equation: 

where a = reaction coefficient of the acid, b = reaction coefficient of the 
base, M„ = molarity of the acid, = molarity of the base, V"„ = volume of 
fhe acid, and = volume of the base. 

Solving for the molarity of fhe base (M^), we get 



Mfc = 



a-V, 



Using this equation, the molarity of the NaOH in the example can 
now be determined: 



Mn30h 



1-0.100 M-6.80 mL 
"3 - 20.00 mL 



MNaOH = 0.0113 M 

Accuracy is important in standardization; therefore, the titration is 
normally done at least three times. The molarity of the solution is calcu- 
lated in each trial, and an average is taken to determine the exact molarity. 



Objective 

In this experiment, you will learn the principle and method of sfandard- 
izing a solution through titration of a solution of unknown molarity 
using a primary standard in order to determine the standard solution's 
accurate concentration. 
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Name 



Prelab questions 

1. Why is it important that the primary standard chemical be 
nonhygroscopic and pure? Why is it important to dry the primary 
standard to a constant mass? 



2. Look at Figure 10.2. Which combination of acid and base provides 
the most distinguishable equivalence point? Which combination is 
the most difficult to determine an equivalence point for? 



3. Pofassium hydrogen phfhalafe (KHP), KHC 8 H 4 O 4 , is also a good pri- 
mary sfandard fhaf is offen used fo sfandardize NaOH solufions. 
Calculafe fhe molarify of a solufion made by weighing ouf 12.4900 g 
of dry KHP and fhen dilufing if fo 100 ml. 
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4. 20.00 ml of NaOH was titrated with a 0.600 M KHC 8 H 4 O 4 solution. 
The data were graphed and the equivalence point was found to be 
15.50 ml when standard 0.600 M KHP solution was added. The reac- 
tion equation is 

NaOH(-iq) + KHCgH404(3q) KNaCgH404(3q) + H2O 
a. What is the molar ratio of Na 0 H:KHCgH 404 ? 



b. What is the molarity of the NaOH solution? 



5. Research and evaluate the hazards for all chemicals you will be 
using. Study the procedure and look for other possible hazards that 
exist. List all hazards, including ones from chemicals. What protec- 
tive equipment will you need to use? 
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Procedure 

Part 1: Preparation of the primary citric acid standard 

1. Weigh a clean, dry 150 ml beaker and record the mass in grams. 
Place approximately 2.00 g of anhydrous citric acid in the beaker. 
Record the exact mass of fhe beaker and cifric acid in Table 10.2. 

2. If fhe cifric acid has already been dried, proceed fo sfep 4. If if was 
nof, place fhe beaker wifh fhe cifric acid in a drying oven sef af 110°C 
for 15 minufes. Remove from fhe drying oven using oven miffs and 
place if in a desiccafor fo cool. Caution: The beaker will be hof! 

3. Once cooled fo room femperafure, record fhe mass of fhe beaker and 
acid in Table 10.2. Repeal fhis sfep unfil fhe mass is wifhin ±0.005 g 
of fhe mass previously recorded. 

4. Add approximafely 25 ml of deionized (DI) wafer and carefully 
swirl fhe solufion fo dissolve fhe cifric acid in fhe beaker. Pour fhe 
dissolved solufion fhrough a funnel info a 100 ml volumefric flask. 
Confinue fo rinse by adding approximafely 15 ml aliquofs (or por- 
fions) of DI wafer fo fhe beaker fhaf confained fhe cifric acid and 
pour fhe rinse wafer info fhe volumefric flask. Do fhis unfil fhe liq- 
uid reaches fhe neck of fhe volumefric flask. This will help ensure 
fhaf all of fhe cifric acid is fransferred. 

5. Remove fhe funnel and begin fo add fhe DI wafer wifh a drop- 
per unfil fhe meniscus reaches fhe 100.00 ml mark on fhe flask. 
Figure 10.3 shows a picfure resembling a meniscus much like fhe 
one you should see in fhe liquid in fhe volumefric flask. Be sure fhaf 
fhe boffom porfion of fhe curve touches fhe 100.00 ml mark in order 
fo obfain an accurate volume. 

6. Carefully shake fhe flask fo evenly mix fhe cifric acid solufion. 
Be sure fo hold pressure againsf fhe sfopper while you are shaking 
fo keep if from falling ouf. 

7. Calculafe fhe exacf number of moles of cifric acid fhaf you obfained 
and divide by 0.10000 L fo obfain fhe molarify of fhe solufion. Label 
your flask wifh fhe correcf molarify and name of solufion. 



The meniscus 
reaches this 
volume marking. 
Note: The upper 
portion of the liquid 
does go above the 
correct marldng. 



Figure 10.3 Correctly filling a volumetric flask. 
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Part 2: Titration of the sodium hydroxide solution 

1. Pipet 20.00 ml of the sodium hydroxide solution into a 150 ml beaker. 

2. Assemble a titration apparatus as shown in Figure 10.4. Do this by 
clamping a buret clamp to a ring stand and placing a buret in it. 
Pour approximately 50 ml of your standard citric acid solution into a 
150 ml beaker. Place a funnel on top of the buret and a waste beaker 
below it. Carefully rinse through the buret a few milliliters of the 
citric acid standard solution. Rinse the buret at least two times. 

3. Close the buret stopcock and fill the buret a little over the 0.00 ml 
mark. Drain the solution into a waste beaker until no air bubbles 
are present in the tip. You may need to open and close the buret 
quickly several times to remove air bubbles. If needed, refill the 
buret slightly over the 0.00 ml mark and slowly drain until the bot- 
tom of the meniscus or curve touches the 0.00 ml mark. 

4. Calibrate a pH meter according to its directions using pH 7 and 
10 buffer standards. 

5. Place your pH probe into the sodium hydroxide solution. Swirl for a 
few seconds and then record the pH in Table 10.3 after it has stabi- 
lized. This is the pH at 0.00 ml of citric acid. 

6. While swirling the beaker, slowly and carefully begin to add approx- 
imately 1 ml aliquots from the buret and record the pH and the total 
milliliters added of the citric acid solution. Be sure to record the vol- 
ume to the hundredths place. Continue doing this until you notice 
the pH begins to drop more noticeably, and then add smaller ali- 
quots (approximately 0.2 to 0.1 ml). Continue until the pH of the 
solution starts to level back off. 




Figure 10.4 Titration setup. 
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7. Graph your data by plotting the pH versus the amount of citric acid 
solution added. You can use a graphing program such as Excel. 
Determine the equivalence point using the graphical data. 

8. Repeat the titration at least two more times and record the data in 
Tables 10.4 and 10.5. Each time graph the data and label the graphs 
consecutively as Trial 2 and Trial 3. 

9. Determine the molarity of fhe NaOH solution for each trial, and then 
calculate the average molartiy. Pour this solution into a clean and 
dry plastic bottle. Label it with the accurately known average NaOH 
molarity and save it for use in the next experiment. 
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Name 



Data 

Part 1: Preparation of the primary citric acid standard 

Table 10.2 Data for Part 1 

Mass of 150 ml beaker 



Mass of beaker and citric acid 



Mass of beaker and citric acid after 
drying for 15 minutes 



Mass of beaker and citric acid after 
drying for 15 more minutes 
(if needed) 



Mass of citric acid 



Molarity of citric acid solution 



Part 2: Titration of the sodium hydroxide solution 



Table 10.3 Titration Data Trial 1 



Milliliters of 
citric acid 
added 


pH 


Milliliters of 
citric acid 
added 


pH 


Milliliters of 
citric acid 
added 


pH 
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Table 10.4 Titration Data Trial 2 

Milliliters of Milliliters of Milliliters of 

citric acid citric acid citric acid 

added pH added pH added pH 



Table 10.5 Titration Data Trial 3 



Milliliters of 
citric acid 
added 


pH 


Milliliters of 
citric acid 
added 


pH 


Milliliters of 
citric acid 
added 


pH 















Observations 
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Calculations 

Part 1: Preparation of the primary citric acid standard 

Molarity of citric acid solution calculation: 



Part 2: Titration of the sodium hydroxide solution 

Plot each trial in a graphing program such as Excel, and determine the 
equivalence point for each of the trials: 

Trial 1 equivalence point: 



Trial 2 equivalence point: 



Trial 3 equivalence point: 



Determine the molarity of the NaOH solution in each trial: 



Trial 1: 
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Trial 2: 



Trial 3: 



Average of the NaOH molarities from all 3 trials: 



Label the plastic bottle containing the NaOH solution with this accu- 
rately known average molarity. Be sure to save this for use in the next 
experiment in Chapter 11. 
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Analysis 

1. How close were your three trials to each other? Do you consider this 
acceptable? If not, what do you think you could you have done dif- 
ferently that would have given closer results? 



2. If 1.000 g of NaOH were used fo prepare 250.00 ml of NaOH solufion, 
whaf would be fhe expecfed molarify of fhe NaOH solufion? 



3. How well does fhe expecfed molarify compare fo fhe acfual average 
molarify you measured in fhe sfandardizafion? 



4. Will if maffer when you use your sfandardized NaOH solufion fhaf 
if is nof exacfly 0.100 M? 
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Think green 

1. There are many different primary standards that could be used in 
an acid /base standardization titration. Salicylic acid can be prepared 
from natural sources. Research salicylic acid and hypothesize if it 
could be used as a green primary standard. If time and resources 
permit, try using it to standardize your 0.1 M NaOH and report your 
results. 

2. Potassium hydrogen phthalate (KHP) is often used as a primary 
standard. It is made from phthalic acid, and phthalic acid is made 
from naphthalene. Research how naphthalene and phthalic acid 
are made. Is citric acid a greener standard than KHP? Explain your 
answer and address the relevant 12 principles of green chemistry. 



Presidential green chemistry challenge 

The experiment you performed uses a weak acid rather than a strong one. 
The Environmental Protection Agency (EPA) gave its 1997 Presidential 
Green Chemistry Award in the Small Business category to Legacy 
Systems, Inc. for eliminating the use of corrosive strong acid solutions 
to clean semiconductors. Look up information about this award on EPA's 
website (www2.epa.gov/green-chemistry) under challenge award win- 
ners and write a brief summary about this technology and how it utilizes 
principles of green chemistry. 
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Determining the amount of acid 
in ketchup and hot sauce 

Have you ever eaten something spicy and gotten an 
awful stomachache afterward? This is because too 
much acid in your stomach can leave you with an 
upset stomach. You may decide to take an antacid 
to help relieve the stomachache, but how much acid 
will it relieve? 

What are some acids and bases you have used within the past week? 
Initially you may think none; however, you have most likely encountered 
various acid and base solutions. For instance, orange juice contains citric 
acid, and many carbonated beverages contain phosphoric acid. Also, 
many household cleaning agents contain ammonia, which is a base. 

What exactly is a base? According to the Arrhenius definition, it is a 
substance that when added to water increases the amount of OH^ ions 
present. The pH of a base is above 7. Bases typically taste bitter. 

What exactly is an acid? According to the Arrhenius definition, it is a 
substance that when added to water increases the concentration of H+ ions 
present. Acids have a pH that is below 7. Acids are known for fasting sour. 
This means the more acidic something is, the more sour the taste. 

The method used to measure the total amount of acid or base pres- 
enf is an analyfical chemistry technique called an acid-base titration. 
A titration mixes two solutions, one of which is a standard solution 
whose concentration is precisely known. The other is a solution whose 
total amount of either acid or base is being determined. To determine the 
amount of acid in a subsfance, the acid's chemical formula and how it 
will react with the standard solution must be known. This information is 
given in a chemical reaction equation. 

The standard solution is added until neutralization occurs. When 
neutralization occurs, the equivalence point of fhe titration has been 
reached. This is where the amounts of H+ and OH^ ions present are equal. 
The equivalence point is determined by plotting the volume of sfandard 
added versus fhe pH of fhe solution, and then finding fhe midpoinf of fhe 
inflection. 
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Titrations can be used to calculate how many moles of acid there are 
per gram of substance. To do this, the following equation is used: 



Moleadd = 



a-MfVt 

b 



where a = reaction coefficient of the acid, Mj, = molarity of the basic solu- 
tion, Vf, = volume of base used in the titration converted to liters, and 
b = reaction coefficient of the base. 

Recall that the reaction coefficients are the numbers in front of the 
acid or base in the reaction equation. 



Example: Calculating the moles of acid in diet cola 

If 10.563 g of diet cola required 11.52 ml of 0.100 M Na 2 C 03 to reach the 
equivalence point, what is the mole per gram of the acid in the cola? 

The carbonated beverage contains phosphoric acid, and reacts with 
the sodium carbonate as shown below: 

2H3PO4 + 3 Na 2 C 03 ^ 2Na3P04 + 3CO2 + 3H2O 

Solving for Moleg^d/ the equation is rearranged to 



Mole^cid = 



a ■ Mh • 14 
b 



, 2 -O.IOOM -0.011521 

Moleadd = - ’ ' - — - 



= 0.000768 moles acid 



= 0.000768 moles acid/10.563 g = 7.27 x 10^® 
gram gram 

Another way solutions are defined in acid-base titrations is to use 
normality (N). Normality is the equivalents of solute per liter, whereas 
molarity is the moles of solute per liter. The normality of a monoprotic 
acid equals its molarity, but the normality of a diprotic acid is twice the 
molarity. The normality of a triprotic acid is three times the molarity. This 
is true for bases and their number of hydroxide ions. In this example the 
standard solution of Na 2 C 03 would be designated as 0.2 N since it has two 
hydroxide ions to be neutralized. To convert to molarity you would simply 
divide the normality by 2. 
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Objective 

The objective of this experiment is to determine and compare the moles 
of acetic acid per gram in a packet of mild taco sauce and a packet of 
ketchup using acid-base titrations. 
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Name 



Prelab questions 

1. Define an acid and a base and give a few characteristics of each. 



2. Why is it important for the buret to be clean before using? 



3. Why are air bubbles in the tip of the buret a possible source of error 
in a titration experiment? 



4. Mild taco sauce and ketchup both contain acetic acid, which reacts 
with sodium hydroxide as shown below: 

CH3COOH + NaOH ^ CH3COO Na+ + UfO 



What are the reaction coefficients of the acid and the base? 
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5. If 2.0112 g of kefchup required 9.32 ml of 0.106 N NaOH fo reach fhe 
equivalence poinf, what is the mole per gram of acid in the ketchup? 



6. Research and evaluate the hazards for all chemicals you will be 
using. Study the procedure and look for other possible hazards that 
exist. List all hazards, including ones from chemicals. What protec- 
tive equipment will you need to use? 
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Procedure 

Titration of mild taco sauce and ketchup 

1. Obtain the mass of a clean 150 ml beaker and record it in the data 
table. 

2. Carefully cuf fhe corner of a mild faco sauce packef. Squeeze ouf one 
packef of sauce info fhe preweighed 150 ml beaker, leaving as little 
as possible in fhe packef. 

3. Weigh fhe beaker and sauce and record fhe mass in Table 11.1. 

4. Using a graduafed cylinder, add 20 ml of deionized (DI) wafer fo fhe 
beaker. Sfir fhe solufion well using a sfirring rod. Rinse fhe sfir rod 
wifh abouf 1-2 ml of DI wafer in fhe beaker. 

5. Affach a buref clamp fo a ring sfand. Clamp a 25 ml buref fo fhe 
buref clamp. 

6. Add approximafely 50 ml of fhe sfandardized sodium hydroxide 
solufion info a clean 150 ml beaker. Place a funnel on fop of fhe buref 
and a wasfe beaker below if. Carefully rinse fhrough fhe buref wifh 
a few millilifers of fhe sodium hydroxide sfandard solufion. Rinse 
fhe buref af leasf fwo fimes. 

7. Close fhe buref sfopcock and fill fhe buref a liffle over fhe 0.00 ml 
mark. Drain fhe solufion info a wasfe beaker unfil no air bubbles 
are presenf in fhe fip. You may need fo open and close fhe buref 
quickly several fimes fo remove air bubbles. If needed, refill fhe 
buref slighfly over fhe 0.00 ml mark and slowly drain unfil fhe bof- 
fom of fhe meniscus or curve touches fhe 0.00 ml mark. 

8. Calibrate a pH meter according fo ifs direcfions using pH 4 and 7 
sfandards. 

9. Place your pH probe info fhe hof sauce solufion. Swirl fhe solufion 
around for a few seconds, and fhen record fhe pH in Table 11.2 after 
if has sfabilized. This is fhe pH af 0.00 ml of NaOH solufion. 

10. While swirling fhe beaker, slowly and carefully begin fo add fhe 
sodium hydroxide solufion fo if. Add approximafely 1 ml aliquofs 
from fhe buref and record fhe pH and fhe fofal millilifers of sodium 
hydroxide solufion added. Be sure fo record fhe volume fo fhe hun- 
dredfhs place. Confinue unfil you nofice fhe pH begins fo rise more 
noficeably, and fhen add smaller aliquofs (approximafely 0.2 fo 0.1 ml). 
Do fhis unfil fhe pH of fhe solufion sfarfs fo level back off. 

11. Graph your dafa by ploffing fhe pH versus fhe amounf of sodium 
hydroxide solufion added using a graphing program such as Excel. 
From fhe graph defermine fhe equivalence poinf and record if in fhe 
appropriafe dafa fable. 

12. Repeal fhe fifrafion of fhe sauce fwo more fimes using fhe same pro- 
cedure, and record fhe dafa in fhe appropriafe fable. 
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13. Determine the amount of acid in ketchup using the same procedure, 
except substitute one-half package (approximafely 5 g) of ketchup 
where mild taco sauce was used. 

14. Determine the moles of acefic acid per gram of hof sauce and kefchup 
for each frial and calculafe fhe average. 
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Name 



Data 



Table 11.1 Mild Taco Sauce Data 
Mild sauce trial 1 Mild sauce trial 2 Mild sauce trial 3 

Mass of beaker in 
grams 

Mass of sauce 
and beaker in 
grams 

Mass of sauce in 
grams 



Molarity of 
NaOH sfandard 
solution used 



Equivalence 
point in 
milliliters 



Table 11.2 Mild Taco Sauce Titration Data Trial 1 



Milliliters Milliliters 

of NaOH of NaOH 

pH added pH added 



pH 



Millilifers 
of NaOH 
added 
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Table 11.3 Mild Taco Sauce Titration Data Trial 2 


Milliliters 

ofNaOH 

added 


Milliliters Milliliters 

of NaOH of NaOH 

pH added pH added pH 





Table 11.4 Mild Taco Sauce Titration Data Trial 3 


Milliliters 
of NaOH 
added 


Milliliters Milliliters 

of NaOH of NaOH 

pH added pH added pH 
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Table 11.5 Ketchup Data 

Ketchup trial 1 Ketchup trial 2 Ketchup trial 3 

Mass of beaker (g) 

Mass of kefchup 
and beaker (g) 

Mass of 
ketchup (g) 

Molarity of NaOH 
solution used 

Equivalence point 
in milliliters 



Table 11.6 Ketchup Titration Data Trial 1 

Milliliters Milliliters 

of NaOH of NaOH 

pH added pH added 



pH 



Millilifers 
of NaOH 
added 
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Table 11.7 Ketchup Titration Data Trial 2 

Milliliters Milliliters Milliliters 

ofNaOH ofNaOH ofNaOH 

added pH added pH added pH 



Table 11.8 Ketchup Titration Data Trial 3 

Milliliters Milliliters Milliliters 

ofNaOH ofNaOH ofNaOH 

added pH added pH added pH 



Observations 
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Calculations 

Determine the moles per gram of acetic acid in the mild taco sauce or 
ketchup in each trial. 

Trial 1 (sauce): 



Trial 2 (sauce): 



Trial 3 (sauce): 



Average of Trials 1-3 (sauce): 



Trial 1 (kefchup): 
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Trial 2 (ketchup): 



Trial 3 (ketchup): 



Average of Trials 1-3 (ketchup): 
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Analysis 

1. Which substance contained the most acid per gram? 



2. Why was it important to know the exact concentration of the base 
used in the titration? 
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Think green 

1. If industries directly discharge their acid or base waste into a body 
of water, it will usually harm the creatures living in the water, espe- 
cially if it is a strong acid or base. To prevent this, industries treat 
their waste so their discharge will not cause harm, and it is often 
more pure than the water they may have initially used from the 
body of water. In this lab, you used sodium hydroxide, a strong base. 
How do you think you can you treat your waste so your discharge 
will not cause harm? How can you find out if your method is effec- 
tive? If time and resources permit, test your hypothesis. 

2. What if instead of treating acid waste, an industry was able to 
change its process so that no or little strong acid was needed, and 
any needed could be easily recovered and reused. Determine which 
of the 12 principles of green chemistry would be positively impacted 
by making this change and discuss the reasons for your answer. 



Presidential green chemistry challenge 

The Environmental Protection Agency (EPA) gave its 2012 Presidential 
Green Chemistry Award in the Greener Reaction Conditions category to 
Cytec Industries, Inc. for the development of a process that replaces clean- 
ing heat exchangers with sulfuric acid. Look up information about this 
award on EPA's website (www2.epa.gov/green-chemistry) under chal- 
lenge award winners and write a brief summary about this technology 
and how it utilizes principles of green chemistry. 
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Using an appropriate indicator 
for acid-base titrations 

Imagine that you are in a wellness center. You walk 
over to the treadmill, with not a drop of sweat on 
your body. You place your water bottle in the cup 
holder and hop on the treadmill. The treadmill band 
beneath your feet begins to move and you begin to 
run to keep up. Ten minutes into the run you begin 
to thirst for wafer, your forehead is covered in beads 
of sweaf, and your legs sfart fo grow fired. Our bod- 
ies have many nafural indicators fhaf we wifness 
on a daily basis, such as fhaf of fafigue from run- 
ning on a freadmill. Much like the way we read our 
body's indications, we can see a color change in an 
acid-base titration's solution with the use of fhe cor- 
recf indicator. 

What is an indicator? There are a huge variety of pH indicafors, all of 
which change color at a different pH. These indicators are usually weak 
acids that exhibit a different color when they lose an H+ and form a con- 
jugafe base. 

In an acid-base fifrafion, pH indicafors are used fo indicate fhe poinf 
af which fhe acid and base are mixed in exacfly fhe righf proporfions so 
fhaf fhe acid neuf ralizes fhe base. The poinf af which fhe indicafor changes 
color is known as fhe endpoint of fhe fifrafion. If fhe indicafor is correcfly 
chosen, ifs endpoinf will be fhe same as fhe equivalence point. To beffer 
grasp fhe concepf, inspecf fhe fifrafion curve in Figure 12.1. Indicator A 
changes color around a pH of 12 or 13; fherefore, if is nof a good indicafor 
for fhis parficular fifrafion because fhe endpoinf of indicafor A is nof close 
fo fhe equivalence poinf of fhe fifrafion. Indicafor B possesses an endpoinf 
around a pH of 7. This is a good indicafor for fhis fifrafion because fhe 
endpoint occurs at nearly the same pH as the equivalence point of fhe 
acid-base fifrafion. Lasfly, indicafor C has an endpoinf af a pH foo low fo 
be used as a good indicafor for fhis fifrafion. 

In fhis experimenf you will be provided various indicafors and deter- 
mine fhe besf synfhefic indicafor and fhe besf nafural indicafor for a titra- 
fion. You will fhen perform a sfafistical analysis on fhe resulfs using your 
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12 - 
10 - 



X 



^ Indicator A 




^ Indicator B 



4 - 
2 - 



Indicator C 



0 



0 



5 



10 

mL of acid added 



15 



20 



Figure 12.1 Indicators in an acid-base titration. 

data and data obtained from others performing this experiment. The statis- 
tical analysis you will perform is called a standard deviation (a), and it is often 
used when doing an analytical analysis. It quantifiably informs the experi- 
menter of the accuracy of his or her experiment by comparing his or her 
results to a mean. A low standard deviation value is desired. The equation 
for standard deviation is as follows: 



where a = standard deviation, x = each individual value being used, 
X = the mean of the values, and N = the number of values. 

Example 

Five students performed the same titration using phenol red as the indi- 
cator and the standard deviation was found. The endpoint values they 
obtained were 7.45, 7.49, 7.41, 7.42, and 7.48 ml, and the mean was deter- 
mined to be 7.45 ml. The values were then placed into the equation as 
shown, and the standard deviation calculated. 



(7.45 - 7.45f + (7.45 - 7.49)^ + (7.45 - 7.41)^ + (7.45 - 7.42)^ + (7.45 - 7.48)^ 




o = 




5 



a = 0.0316 



Standard deviation is often utilized to maintain industrial processes. 
One of the 12 principles of green chemistry is real-time analysis for pollu- 
tion prevention. An industrial process that is continuously monitored and 
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adjusted to ensure results occur within a very small standard deviation is 
much more efficient; such a process will result in additional product and 
reduce wastes. 



Objective 

In this lab, you will determine the endpoint of several indicators and 
evaluate which is best for the titration of a borax solufion with citric 
acid. You will also explore the use of nafural indicators and standard 
deviation. 
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Name 



Prelab questions 

1. What is the difference between an endpoint and an equivalence point? 



2. The chart below lists several commonly used indicators, their equiv- 
alence points, and the color change that accompanies the reaction. 



Indicator 


pH range 


Base color 


Acid color 


Methyl orange 


3.1-4.4 


Yellow 


Red 


Bromothymol blue 


6.0-7.6 


Blue 


Yellow 


Thymol blue 


8. 0-9.6 (higher pH) 


Blue 


Yellow 



a. Suppose a titration is performed in which a base of pH 12 is 
titrated. The equivalence point of the titration is at a pH of 6.8. 
What indicator should be added to the base solution before the 
titration is carried out? 



b. What is the color of fhe basic solufion before any acid is added? 



c. What is the color of the solution after the equivalence point is 
reached at a pH of 6.8? 
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3. Research and evaluate the hazards for all chemicals you will be 
using. Study the procedure and look for ofher possible hazards fhaf 
exisf. List all hazards, including ones from chemicals. Whaf profec- 
five equipmenf will you need to use? 
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Procedure 

Part 1: Getting acquainted with the indicators 

1. Retrieve approximately 100 ml of 4% borax solution and approxi- 
mately 75 ml of 0.500 M cifric acid solufion in clean and dry beakers 
for use fhroughouf fhis lab. 

2. Obfain 10.00 ml of 4% borax solufion using a 10 ml graduafed cylinder, 
and pour if info a 150 ml beaker. Add 15 ml of deionized (DI) wafer. 

3. Add fhree or four drops of phenolphfhalein indicator solufion info 
fhe beaker. 

4. Properly sef up a buref and fill if wifh 0.50 M cifric acid. Do nof be 
concerned abouf fhe volume in fhe buref (fhis is unimporfanf for 
fhis parficular step). Place fhe beaker under fhe buref. You will fhen 
place a pH probe info fhe solufion. 

5. Add fhe cifric acid from fhe buref slowly, while carefully swirling 
fhe solufion in fhe beaker. Pay special affenfion to fhe color of fhe 
solufion. Add fhe cifric acid dropwise when you nofice fhe color of 
fhe solufion begin to change. You will record fhe color change in 
Table 12.1 (sfafe fhe beginning color of fhe solufion and fhe ending 
color of fhe solufion). You will also record in Table 12.1 fhe pH range 
af which fhe color change of fhe solufion occurred, and fhe pH you 
would call fhe endpoinf of fhe fifrafion. 

6. Repeaf fhis procedure for phenol red and mefhyl red indicator solu- 
fions. Also fry fwo nafural indicator solufions, such as furmeric, red 
cabbage juice, or grape juice. You may need fo use a greater volume 
of indicator when using fhe nafural indicators. Add unfil you can 
clearly see a color change. 

Part 2: Titration of borax solution with a pH meter 

1. Pipe! 20.00 ml of 4% borax solufion info a 150 ml beaker. 

2. Fill fhe buref wifh fhe 0.500 M cifric acid solufion so fhaf fhe menis- 
cus is on fhe 0.00 ml line of fhe buref. 

3. Place your pH meter in fhe borax solufion. Swirl if around and record 
fhe pH. This is fhe pH af 0.00 ml of cifric acid. 

4. Begin fo add approximately 0.5 ml aliquofs from fhe buref. Record 
fhe exacf volume fo fhe hundredfhs place in Table 12.2. Add approxi- 
mafely 0.2 ml aliquofs once you nofice fhe pH begins fo drop more 
significanfly. Record fhe dafa in Table 12.2, or you may use an Excel 
spreadsheef. 

5. Use fhe recorded dafa fo make a plof of fhe fifrafion curve. 
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Part 3: Titration of borax solution using the appropriate indicator(s) 

1. Determine which synthetic indicator and which natural indicator 
show a color change at about the same pH as the equivalence point 
determined in Part 2. 

2. Pipet 20.00 ml of borax solution into a 150 ml beaker. 

3. Fill the buret with 0.500 M citric acid solution so that the meniscus is 
on the 0.00 ml mark of fhe buref. 

4. Place fhree fo five drops of fhe synfhetic indicafor defermined in 
sfep 1 info fhe beaker. Record fhe color of fhe solution. 

5. Begin to add 1 ml aliquots from fhe buref. Refer fo Parf 2 dafa fo 
defermine abouf how much cifric acid should be released from fhe 
buref before adding more slowly. Be sure fo swirl fhe solufion offen. 

6. As fhe color of fhe solufion begins fo change, add smaller aliquofs 
of cifric acid unfil fhe endpoinf is very close. Once very close, add 
fhe citric acid dropwise and stir after each drop is added. Hint: It is 
helpful fo defermine fhe amounf of cifric acid added befween each 
drop in case you accidenfally go pasf fhe endpoinf. Add unfil fhe 
color change remains. Record fhe amounf of fifranf added fo reach 
fhe endpoinf and fhe color change of fhe solufion in Table 12.3. 

7. Repeal fhis procedure with the best natural indicator determined in 
step 1, and record the results. Determine the percent difference from 
fhe volume of cifric acid needed in Parf 2 fo reach fhe equivalence 
poinf. 

8. Ask af leasf five ofher sfudenfs or groups doing fhis experiment 
what volume of cifric acid they added to reach the endpoint for bofh 
fhe synfhefic and nafural indicators. If fhere are less fhan five ofher 
sfudenfs doing fhis experiment ask everyone. Record these values 
and determine the standard deviation for each indicafor. 
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Name 



Data 

Part 1: Getting acquainted with the indicators 

Table 12.1 Indicator, pH Range, and Color Change 

Beginning 

Indicator pH range pH endpoint color Ending color 

Phenolphthalein 

Phenol red 

Methyl red 



Part 2: Titration of borax solution using a pH meter 

Table 12.2 Titration Data 

Milliliters Milliliters Milliliters 

of citric of citric of citric 

acid added pH acid added pH acid added pH 



pH of the solution at the equivalence point: 
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Part 3: Titration of borax solution using the appropriate indicator(s) 

Table 12.3 Part 3 Data 
Milliliters 

of citric acid % Standard 

Indicator Initial color Final color added difference deviation 



Milliliters of citric acid used by other groups: 



Observations 
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Calculations 

Percent difference calculafions: 
Synfhefic indicator: 



Nafural indicator: 



Sfandard deviafion calculafions: 
Synfhefic indicator: 



Nafural indicator: 
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Analysis 

1. In this lab, you selected one indicator, and therefore excluded two 
other indicators. Justify your decision using pH and equivalence 
poinf dafa. 



2. How did fhe volume of fifranf needed fo reach fhe endpoinf for fhe 
fwo indicators chosen compare wifh fhe volume of fifranf needed fo 
reach fhe equivalence poinf? Would you consider eifher or bofh of 
fhem good indicators for fhis fifrafion? Explain your answer. 



3. Evaluafe fhe indicators, considering percenf difference, sfandard 
deviafion, and green chemisfry principles. Take info accounf fhaf 
phenolphfhalein and phenol red are bofh manufacfured from phe- 
nol, which is made from pefroleum. Which is preferred? Explain 
your answer. 
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Think green 

1. Many natural indicators such as grape juice are fairly acidic. How 
will adding an acidic indicator affect acid/base titration results? 
What can you do to compensate for fhis? If fime and resources per- 
mif, fry your idea(s) and discuss your resulfs. 

2. Aufomafic fifrafors are offen used in indusfry They can be pro- 
grammed fo defermine eifher an equivalence poinf or an endpoinf, 
sef fo a defined pH. Research aufomafic fifrafors. Whaf problems 
would be minimized or eliminafed if aufomafic fifrafors were used 
insfead of indicators? Defermine which of fhe 12 principles of green 
chemisfry would be posifively impacted from using aufomafic fifra- 
fors and discuss fhe reasons for your answer. 



Presidential green chemistry challenge 

In fhis lab you sfudied subsfifufing a nafural producf for a synfhefic one. 
The Environmenfal Profecfion Agency (EPA) gave ifs 1998 Presidenfial 
Green Chemisfry Award in fhe Greener Reacfion Condifions category fo 
Argonne Nafional Laboratory for developing a synfhesis fhaf uses sugars 
fo make organic solvenfs. Look up informafion abouf fhis award on EPA's 
website (www2.epa.gov/green-chemisfry) under challenge award win- 
ners and write a brief summary abouf fhis synfhesis and how if ufilizes 
principles of green chemisfry. 



chapter thirteen 



Preparation and properties 
of buffer solutions 

A buffer can be thoughf of as a pH shock absorber; if 
resisfs changes in pH when acids or bases are added 
fo a subsfance. We cannof live wifhouf buffers! 

Buffers play a significanf role in the world around us. For instance, the 
buffer qualities of soil are important in keeping the pH relatively con- 
stant. If the pH were to drop, the organisms living in the soil would not 
be able to maintain life. This includes plants that are harvested for food! 
Also, our blood uses buffer systems to maintain a constant pH within our 
body between 7.35 and 7.45. Even small variations from this range will 
cause physiological problems. 

To understand buffers, we must first understand pH. So what is pH? 
It is a convenient way to express the concentration of protons (or H+ ions) 
in an aqueous solution. pH stands for "potential hydrogen" and is the 
negative logarithm of the molar concentration of hydrogen ion, as seen in 
Equation 13.1. Since it is a logarithmic function, even minor changes in pH 
mean large changes in the hydrogen ion concentration. 

pH = -log [Hi (13.1) 

Water slightly dissociates to produce equal concentrations of hydro- 
gen and hydroxide ions: 



HjO ^ H+ + OH- (13.2) 

The molar concentration of hydrogen ion, [Hi, equals the molar con- 
centration of hydroxide ion, [OH [, giving a pH equal to 7. Adding an acid 
increases the H+ or consumes the OH . This causes the [H+] to increase, 
which results in a pH less than 7. On the other hand, adding a base 
increases the OH- or consumes the H+. This causes the [OH [ to increase 
and results in a pH greater than 7. The pH scale can be summarized as 
follows: 



pH: 1 2 3 4 5 6 7 8 9 10 11 12 13 14 

Acidic Neutral Basic 
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According to Bronsted and Lowry, an acid can donate a proton (H+), 
and a base can accept a proton. After an acid gives up a proton, a species 
that can accept a proton, a base, is formed from the acid. This base is called 
the conjugate base of the acid. For example, sodium bicarbonate (HCO3 ) 
may lose a proton to become sodium carbonate (COf^). Sodium bicarbon- 
ate is the acid, and sodium carbonate is the conjugate base. 

Acids and bases can be divided into two broad categories, strong and 
weak. Strong acids dissociate almost completely in water. Their H+ cannot 
handle a + 1 charge, and so it immediately combines with water to form 
H3O+ ions. Sfrong bases quickly accepf protons. Weak acids and bases lose 
and gain protons with difficulty and dissociate in water much less than 
strong acids and bases. 

What is a buffer? A buffer will resist efforts to change the pH. Buffer 
solutions contain significant quantities of bofh partners of a Bronsfed- 
Lowry conjugafe acid-base pair. To form a buffer, a weak acid is mixed 
with its conjugate base, or a weak base with its conjugate acid. Weak acids, 
instead of strong ones, must be used in buffers so the conjugate bases will 
have a tendency to react with protons. If a sfrong acid were mixed wifh ifs 
conjugate base, the conjugate base would have no tendency to react with 
protons. This would leave the solution vulnerable to attack by protons. 

Suppose sodium bicarbonate is mixed with its conjugate base, sodium 
carbonate. An acid and a base would both be present in the solution that 
would tend to react with any added acid or base. If a source of is added, 
fhe conjugafe base, sodium carbonafe, will read as follows: 

H+ + CO3-2 ^ HCO3- 

If OH“ is added, fhe weak acid, sodium bicarbonafe, will read as follows: 
OH- + HCO3- ^ H2O + CO3-2 

In bofh circumsfances, fhe acid or base infroduced will nof signifi- 
canfly change fhe pH of fhe solufion. 

Hoiv is the pH of a buffer calculated? If a buffer solufion is made by mix- 
ing equivalenf concenfrafions of any weak acid and ifs conjugafe base, fhe 
pH of fhe solufion will equal fhe pK^ of fhe weak acid. The pK^ is fhe acid 
dissociafion consfanf fhat is given fo you. Knowing fhis facf allows us fo 
prepare buffer solufions fo mainfain almosf any pH. 

The Henderson-Hasselbalch equafion provides a mafhemafical rela- 
fionship befween fhe pH, fhe pK„ of a weak acid, and fhe concenfrafions of 
fhe weak acid and ifs conjugafe base: 



pH = pK„ + log ([Base]/[Acid]) 
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Addition of acids and bases will alter the [Base]/[Acid] ratio and, in 
turn, change the pH. Since the pH change is related to the log of the change 
in the ratio, the pH change is relatively small. 



Example 

Calculate the pH of a buffer solution that has an equimolar solution of 
sodium acetate and acetic acid. The buffer solution contains 10 ml of acetic 
acid and 13 ml of sodium acetate. {Note: The of acetic acid is 4.75.) 

The pH of the buffer solution can be determined using the Henderson- 
Hasselbalch equation. Since the concentrations of the acid and salt solu- 
tions that make up the buffer are equimolar (or equivalent) the ratio of 
milliliters in the equation can be used. 

pH = 4.75 + log (13/10) 



pH = 4.86 



What is buffer capacity? The job of a buffer is to keep the pH from dras- 
tically changing. However, when all of the available acid or base in the 
buffer solution has reacted with the acid or base added, the pH will begin 
to significantly change. The buffer solution will not be able to maintain 
the pH as more acid or base is added. This is known as the buffer capac- 
ity; it is the maximum amount of acid or base that can be added before a 
significant change in pH will occur. 

Buffer capacity explains why acid rain has caused tremendous dam- 
age to the environment in some regions. Soil is naturally buffered by dif- 
ferent buffering systems. At first, when acid rain falls onto soil, its highest 
pH buffering system keeps the soil's pH from changing significantly. This 
can go on for a long time, but if the buffer capacity is reached, the pH will 
quickly drop to the next buffering system's pH. 

In this lab you will make different buffer solutions using acetic acid 
and sodium acetate. You will obtain the pH for each one and compare it to 
the calculated pH. Next, you see what happens when you add increasing 
amounts of diet cola, a weak acid, and borax solution, a weak base, to a 
buffer solution. 



Objective 

In this lab you will use the Henderson-Hasselbalch equation to calculate 
the expected pH and compare these values to experimental ones for acetic 
acid and sodium acetate solutions. You will also use experimentation to 
observe buffer capacities. 
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Name 



Prelab questions 

1. What would you estimate the pH of hydrochloric acid, a strong acid, 
to be? What is the pH of pure wafer? 



2. One of fhe buffer sysfems our body uses fo mainfain fhe pH of 
blood is fhe carbonafe sysfem where H2CO3 is fhe acid and HCOj^ 
is fhe base. Use fhe Henderson-Hasselbalch equafion fo calculafe 
fhe pH of a blood's carbonafe buffering sysfem if if has a [HCO3 ]/ 
[H2CO3] ratio of 10 fo 1 and fhe pK„ of H2CO3 is 6.37. 



3. Our body also uses a phosphafe buffering sysfem where HjPOp is 
fhe acid and HP04^“ is fhe base. Use fhe Henderson-Hasselbalch 
equafion fo calculafe fhe [HP04^ ]/[H2P04 ] ratio needed to maintain 
a pH of 7.41 and fhe of H2P04^ is 7.21. 
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4. Look at Table 13.1 in Part 1 of the procedure portion of fhe lab. 
Calculate the expected pH of the buffer solutions (A - E) using the 
Henderson-Hasselbalch equation. Assume the solutions of acetic 
acid and sodium acetate are equimolar. 

Buffer solution A: 



Buffer solution B: 



Buffer solution C: 



Buffer solution D: 



Buffer solution E: 



5. Research and evaluate the hazards for all chemicals you will be 
using. Study the procedure and look for ofher possible hazards fhat 
exist and list them. What protective equipment will you need to use? 
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Procedure 

Part 1: Preparing the buffer solution 

1. Obtain approximately 50 ml of 5% white vinegar in a 150 ml beaker 
to use as your source of acefic acid. Use 0.494 M for fhe molarify of 
fhe acefic acid. 

2. Obfain approximafely 50 ml of 0.500 M sodium acefafe solufion in a 
150 ml beaker. 

3. Label five small (50 - 150 ml) beakers as A, B, C, D, and E. Follow 
Table 13.1 fo prepare buffers A - E. Use volumefric pipefs fo measure 
fhe solufions. Be sure fo mix each solufion well. 

4. Calibrafe a pH mefer using pH sfandards of 4 and 7. 

5. Obfain fhe pH of each of fhe buffer solufions you prepared. Be sure 
fo rinse fhe pH probe wifh deionized (DI) wafer before placing if info 
a differenf buffer solufion. Record your readings in fhe appropriafe 
place in Table 13.2. 

Part 2: Observing the effects of acid and base on buffer solution 

1. Prepare fwo of fhe same buffer solufions, F and G, by adding 
10.00 ml of bofh 0.494 M acefic acid and 0.500 M sodium acefafe info 
fwo 150 ml beakers. A 10 ml graduafed cylinder maybe used fo mea- 
sure fhe solufions. Mix well. 

2. Use a pH mefer fo obfain fhe pH of bofh buffer solufions. Record 
fhese values in fhe appropriafe places in Tables 13.3 and 13.4. 

3. A dief cola confaining phosphoric acid will be used fo observe fhe 
effecfs of an acid on buffer F. If nof already done, heaf abouf 50 ml 
of fhe dief cola in a 125 ml Erlenmeyer flask in a microwave oven 
for 30 seconds fo release CO 2 . Remove fhe flask using an oven miff. 
Caution: The solufion will be hof! (A hof plafe may be used if a 
microwave is nof available.) 

4. Sfir fhe cola. If bubbles appear, heaf fhe cola in fhe microwave for 
addifional 30-second infervals unfil if is flaf. Allow fhe solufion fo 
cool fo room femperafure. 



Table 13.1 Preparation of Buffers A-E 



Buffer 


Milliliters of 0.494 M CH3COOH 


Milliliters of 0.500 M CHjCOONa 


A 


10.00 


10.00 


B 


10.00 


2.00 


C 


20.00 


2.00 


D 


2.00 


20.00 


E 


2.00 


10.00 
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5. Use a 10 ml graduated cylinder to add 5 ml of the cola to buffer F and 
mix well. Obtain and record the pH in Table 13.3. 

6. Add 5 more ml of the cola to buffer F and mix well. Obfain and 
record the pH in Table 13.3 (pH with 10 ml of cola). 

7. Add 10 more ml of cola fo buffer F and mix well. Obtain and record 
the pH in Table 13.3 (pH with 20 ml of cola). 

8. Place approximafely 20 ml of D1 wafer info a 150 ml beaker and mix 
well. Obtain and record the pH in Table 13.3. 

9. Add 5 ml of cola info fhe beaker wifh 20 ml of wafer and mix well. 
Obtain and record the pH in Table 13.3. 

10. Obtain about 30 ml of 4% borax solufion (w/v) in a small beaker. 
The borax solufion will be used fo observe the effects of a base on 
buffer G. 

11. Use a 10 ml graduafed cylinder to add 5.0 ml of the borax solution to 
buffer G and mix well. Obtain and record the pH in Table 13.4. 

12. Add an additional 5.0 ml of borax solufion to buffer G and mix well. 
Obfain and record fhe pH in Table 13.4 (pH with 10 ml of borax 
solufion). 

13. Add an addifional 10.0 ml of borax solufion fo buffer G and mix 
well. Obfain and record fhe pH in Table 13.4 (pH wifh 20 ml of borax 
solufion). 

14. Place approximafely 20 ml of wafer info a 150 ml beaker. Obfain its 
pH and record it in Table 13.4. 

15. Add 5.0 ml of borax solufion info the beaker with 20 ml of D1 wafer 
and mix well. Obfain and record fhe pH in Table 13.4. 

16. Add an addifional 5.0 ml of borax solufion fo D1 wafer and mix well. 
Obfain and record fhe pH in Table 13.4 (pH with 10 ml of borax 
solufion). 

17. Add an addifional 10.0 ml of borax solufion fo DI wafer and mix 
well. Obtain and record the pH in Table 13.4 (pH with 20 ml of borax 
solufion). 
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Name 



Data 

Part 1: Preparing the buffer solution 



Table 13.2 pH of Buffer Solutions A-E 



Buffer 


Millilifers of 0.494 M 
CH3COOH 


Millilifers of 0.500 M 
CH3COO-Na+ 


pH measured 


A 


10.00 


10.00 




B 


10.00 


2.00 




C 


20.00 


2.00 




D 


2.00 


20.00 




E 


2.00 


10.00 





Part 2: Observing the effects of acid and base on buffer solution 



Table 13.3 Observing Effects of Acid on Buffer E and Water 





pH with 0 ml 


pH wifh 5 ml 


pH wifh 10 ml 


pH wifh 20 ml 




of cola 


of cola 


of cola 


of cola 


Buffer F 










Water 











Table 13.4 Observing Effects of Base on Buffer G and Water 


pH with 0 ml 


pH with 5 ml 


pH with 10 ml 


pH with 20 ml 


of borax 


of borax 


of borax 


of borax 


solution 


solution 


solution 


solution 


Buffer G 








Water 
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Observations 

Part 1: Preparing the buffer solution 



Part 2: Observing the effects of acid and base on buffer solution 
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Analysis 

1. How do the calculated pH values of buffers A, B, C, D, and E (found 
in prelab quesfion 3) compare fo fhe acfual pH values fhaf you mea- 
sured in Table 13.1. Hypofhesize possible reasons fhey are nof an 
exacf mafch. 



2. Compare fhe pH of fhe buffer solufions A, F, and G. Are fhese resulfs 
whaf you would expecf? Explain your answer. 



3. Did eifher buffer F or G reach buffer capacify? Explain your answer. 



4. Whaf happened when fhe cola and fhe borax solufion were added 
fo fhe wafer? Was fhere any evidence of buffering? Explain your 
answer. 
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Think green 

1. Design an experiment to determine how much energy is saved in 
Part 2 by using the microwave oven you used instead of a hot plate. 
If fhere are fime and resources available, fesf your experimenf and 
discuss your resulfs. Use 950 W for fhe hof plafe if fhe waffage is nof 
shown. 

2. Research fhe various human body blood buffer sysfems and find ouf 
how fhey work. Whaf happens when blood pH is nof in fhe correcf 
range? Wrife a summary abouf whaf you discover. 

3. Research soil buffer sysfems and find ouf how fhey work. How does 
acid rain affecf fhem? Whaf happens when soil pH is nof in fhe cor- 
recf range? How does adding lime work? Wrife a summary abouf 
whaf you discover. 



Presidential green chemistry challenge 

Soil has a buffering sysfem fhaf acid rain may evenfually cause fo reach 
buffer capacify. The Environmenfal Profecfion Agency (EPA) gave ifs 
1996 Presidenfial Green Chemisfry Award in fhe Designing Greener 
Ghemicals cafegory fo Rohm and Haas Gompany for developing a marine 
anf ifoulanf fhaf is environmenfally safe and helps fo decrease acid rain by 
decreasing fuel consumpfion. Look up informafion abouf fhis award on 
EPAs websife (www2.epa.gov/green-chemisfry) under challenge award 
winners and wrife a brief summary abouf how fhis fechnology ufilizes 
principles of green chemisfry. 
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Determination of the rate 
of reaction and its order 

The speed of a car is expressed as the change in the 
car's position over a certain period of time. This is 
analogous to a reaction rate. 

In chemistry, the rate of a reaction is the change in the concentration of 
reactants or products per unit of time. Different units may be used, but 
a common one is molarity over seconds (M/s). The rate of reaction can 
depend on several different factors, including concentrations of the reac- 
tants, temperature, and use of a catalyst. 

Catalysis is one of the 12 principles of green chemistry. A catalyst 
increases the speed at which a reaction occurs by providing an alterna- 
tive pathway for the reaction to occur at a lower activation energy. This 
can greatly increase the rate that product is made and significantly lower 
energy costs. Many catalysts contain hazardous heavy metals in their 
structure, but they remain in use since they are usually fairly generic 
and able to catalyze a large number of different reactions. Only very 
small quantities are needed, and they can usually be regenerated, mean- 
ing that little hazardous heavy metal waste needs to be properly dis- 
posed. Even though catalyst waste can often be greatly reduced, a large 
amount of research has been performed to create more environmentally 
benign catalysts. This is often done by using a less hazardous metal or 
creating a catalyst that contains a much smaller percentage of a hazard- 
ous heavy metal. 

Recently, more enzymes are being used as industrial catalysts. 
Enzymes are large molecules that are naturally used in biological pro- 
cesses to catalyze specific reactions. They have a small, very specific area 
where only a particular reaction can occur. Since they are so specific, the 
challenge is to find an enzyme that will work. 

Hydrogen peroxide decomposes very slowly over time to form water 
and oxygen gas. The reaction can be written as 

2H202(aq) — ^ 2H20([) + 02(g) 

A bottle of hydrogen peroxide available for purchase over the counter 
typically says it is 3%. However, over time it can slowly decompose, so its 
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concentration needs to be determined. Many catalysts can be used that 
will speed up this reaction, including the common enzyme catalase. It is 
found naturally in many things, including carrots, potatoes, yeast, meat, 
and even dirt. One of the 12 principles of green chemistry is design for 
degradation. This means that like hydrogen peroxide, molecules should be 
designed to be biodegradable after they are no longer useful. 

In the first part of this experiment you will use the catalase in yeast to 
determine the concentration of hydrogen peroxide in an over-the-counter 
bottle of hydrogen peroxide. The oxygen produced in the decomposition 
of H2O2 can be collected and the amount determined. The ideal gas law 
{PV = nRT) can then be used to determine its concentration. 



Example 

If 2.00 ml of a H2O2 solution produces 20.00 ml of O2 at 25.0°C and 1.00 atm 
pressure, what is the molarity of the hydrogen peroxide? 

First, the ideal gas law is rewritten to solve for the number of moles 
of O2, n: 



n = 



PV 

KT 



(14.1) 



Nexf, the pressure (P), volume (V) of O2 in liters, and temperature (T) in K 
must be calculated: 



P = atmospheric pressure - water vapor pressure 

The water vapor pressure at 25°C can be found in a chemical hand- 
book and found to be 24.0 mmHg. 

Water pressure = 24.0 mmHg x 1.00 atm/760 mmHg = 0.0316 atm 

P = 1.000 atm - 0.032 = 0.968 atm 

y of O2 = 20.00 ml X 1 L/1000 ml = 0.020 L 

T = 25.00°C + 273.15 = 298.15 K 



Since R is the known constant 0.08206 L • atm/mole • K, the moles of O2 
(n) can now be defermined: 



n = 



0.968 atm x 0.02000 L 

0.08206 ^“"•‘“” x298.15K 
mol K 



n = 7.91 X 10 mole of O 2 
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This is the number of moles that was produced from a 2.00 ml (0.00200 L) 
sample. Since it takes 2 moles of H 2 O 2 to make 1 mole of O 2 , the molar con- 
centration of H 2 O 2 is 



^^H202 



7.91 X 10“‘‘mol O 2 , , 2 mol H 2 O 2 
0.00200 L lmol02 



= 0.791 M 



In the second part of this lab, you will determine the initial reaction 
rate of hydrogen peroxide decomposifion using potassium iodide to speed 
up the reaction. One proposed mechanism for this reaction involves two 
steps, where the first step determines the reaction rate since it is a much 
slower step than the second step and involves both reactants: 

H2O2 + I- ^ 10- + H2O 
H2O2 + lO' ^ h + H2O + O2 

This part studies the initial rate of the reaction's dependence on the 
concentrations of the hydrogen peroxide and the potassium iodide. A way 
of studying this effect is through the rate law. The rate law for the reaction 
you will be completing is shown in Equation 14.2, where m is the order of 
KI and n is fhe order of H 2 O 2 : 

Rate = fc[KI]'"[H202]" (14.2) 

It shows how the rate depends on the concentrations of KI and 
H 2 O 2 for fhe reaction. The orders are not the coefficients in a balanced 
equation and must be found experimenfally by defermining how fhe 
rate is affected by changes in the concentration of the reactants. Once 
these have been found, the rate constant k can be calculated. After all 
variables are known, the rate law can be established for this chemical 
system. 

To experimentally find the orders of KI and H 2 O 2 , you will firsf deter- 
mine the amount of O 2 produced af cerfain fime intervals after KI and 
H 2 O 2 are mixed together. You will next graph your results as product 
formed versus time and calculate the slope of the line that will be used 
as the rate. Three experiments will be performed wifh varying concentra- 
fions of each reactant, as shown in Table 14.1. The actual H 2 O 2 molarity 
will be determined in Part 1, and the rate unit will be milliliters of O 2 per 
second. 

As shown. Trials 1 and 3 vary fhe concenfrafion of the H 2 O 2 , but not 
the concentration of the KI. These two trials can be used to find the depen- 
dence of fhe rate of fhe reaction on the H 2 O 2 concentration. You will use 
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Table 14.1 Concentrations Used of HjOj and KI 



Experiment 


H 2 O 2 


KI 


1 


5 ml of -0.88 M 


10 ml of 0.60 M KI 


2 


5 ml of -0.88 M 


10 ml of 0.30 M KI 


3 


5 ml of -0.59 M HjOj 


10 ml of 0.60 M KI 



these two trials to find the order of the H 2 O 2 («). First, you will create a 
ratio of the data obtained from these two trials, as shown in Equation 14.3: 

rate trial 1 ^ 
rate trial 3 

Since the concentration of Kl is the same in these two trials, the equa- 
tion can be simplified to Equation 14.4: 



rate trial 1 [H2O2L,, 

rate trial 3 [H202L,3 

To solve this equation, you will take the reaction rate of Trial 1 and divide 
it by the reaction rate of Trial 3. Next, you will divide the concentration of 
H 2 O 2 of Trial 1 by the concentration of H 2 O 2 of Trial 3. These calculations 
are found in Equations 14.5 and 14.6, respectively: 



rate trial 1 
rate trial 3 


(14.5) 


[H202]tnfll 1 

yH202 - jH202]fhfll3 


(14.6) 



Einally, taking the log of the result of Equation 14.3 and dividing this 
by the log of the result of Equation 14.4 will give you the order of H 2 O 2 , 
shown in Equation 14.7: 

n = (14.7) 

l0g]/H202 

To find the order of the KI (m), you will use the same calculations as 
H 2 O 2 , except with the data for the first and second trials since these vary 
the KI concentration, but not the H 2 O 2 concentration. Experiment 1 values 
are placed in the numerator since this is the higher concentration of KI. 
The overall order of this reaction is the sum of m + n. 
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The last factor needed for the rate law is the rate constant. For this, the 
values for each experiment are inserted into the rate law (Equation 14.2) 
and k is found. An average is then calculated. The units for this will be in 
milliliters of Oj per second per M. 



Objective 

In this experiment you will first determine the concentration of the 
H 2 O 2 being used. Next, you will determine the order of the reaction 
and the rate constant for the reaction of potassium iodide and hydrogen 
peroxide. 
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Name 



Prelab questions 

1. What is the molarity of a solution made from faking 10.00 ml 
of 3.00% H 2 O 2 (v/v) and dilufing if wifh deionized (DI) wafer to 
15.00 ml? Use 1.0095 g/ml as the density of 3% H 2 O 2 . Hint: Calculate 
the molarity of 3.00% H 2 O 2 using its density and molar mass. Next, 
use the equation 



initial ^^final ^ final 



2. When finding fhe order of H 2 O 2 , why will Experimenfs 1 and 3 
be used? 



3. When finding fhe order of KI, why will Experimenfs 1 and 2 be 
used? 
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4. Research and evaluate the hazards for all chemicals you will be 
using. Study the procedure and look for ofher possible hazards fhaf 
exisf. List all hazards, including ones from chemicals. Whaf profec- 
five equipmenf will you need to use? 
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Procedure 

Part 1: Assembling the apparatus for H 2 O 2 
concentration determination 

1. Assemble an apparatus as shown in Figure 14.1. First, place a 
single-holed rubber stopper with glass tubing coming out about 
an inch on the top and the bottom of the stopper into a 125 ml 
Erlenmeyer flask. 

2. Connecf one end of a piece of rubber fubing fo a U fube and fhe ofher 
fo fhe glass fubing coming ouf of fhe rubber stopper in fhe 125 ml 
flask. 

3. Fill a 400 ml beaker approximafely up fo fhe 300 ml mark wifh 
DI wafer, and place if by a ring sfand wifh a clamp. Place a piece 
of lafex (or Tygon) fubing fhaf is abouf a foof long on fhe glass 
fube coming ouf from fhe fop of fhe rubber sfopper in fhe 125 ml 
Erlenmeyer flask. 

4. Eill a 25 ml buref wifh DI wafer. Place your index finger over fhe 
fop of fhe buref in such a way fhaf no wafer will drain ouf when 
fhe buref is inverfed. Inverf fhe buref over fhe beaker of wafer and 
place if a couple of inches info fhe 400 ml beaker. Carefully place fhe 
end of fhe U fube wifhouf fhe rubber fubing info fhe buref. Secure 
fhe buref wifh a clamp. 




Figure 14.1 Apparatus for finding percent H 2 O 2 . 
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5. Carefully and slowly open the buret's stopcock and drain down the 
water until the volume can be just read. Take a reading of where 
the water comes up to in the buret and record it in the data section. 

Part 2: Determining the H 2 O 2 concentration 

1. Pour about 40 ml of 3% H 2 O 2 into a small beaker for use in Parts 1 
and 2. 

2. Remove the stopper from the 125 ml Erlenmeyer flask in the assem- 
bled apparatus shown in Figure 14.1. Use a volumetric pipet to obtain 
2.00 ml of 3% H 2 O 2 . Add this to the 125 Erlenmeyer flask. 

3. Weigh approximately 0.1 g of yeast on weighing paper or in a 
small beaker. 

4. Quickly add the yeast to the 125 ml Erlenmeyer flask and immedi- 
ately replace the stopper snugly, making sure the seals are airtight. 
Swirl the Erlenmeyer flask. Oxygen should begin to flow into the 
buret almost immediately. If it does not, you have a gas leak and 
need to fix it and begin again. 

5. Swirl the flask until no more oxygen goes into the buret. Obtain and 
record the barometric pressure, the water temperature in the 400 ml 
beaker, and the milliliters of water left in the buret. Determine the 
volume of oxygen that went into the buret. 

6. Look up the water vapor pressure in a chemical handbook for the 
water temperature. Calculate and record the molarity of the H 2 O 2 for 
each trial. 

7. Repeat this procedure if a second trial is to be done. Average the 
molarities. 

Part 3: Preparation of apparatus for reaction rate determinations 

1. Assemble an apparatus as shown in Figure 14.2. First, place a 
single-holed rubber stopper with glass tubing coming out about 
an inch on the top and the bottom of the stopper into a 125 ml 
Erlenmeyer flask. 

2. Fill a 250 ml Erlenmeyer flask up to the 200 ml mark with DI water, 
and secure it to a ring stand with either a ring or clamp. Place a 
double-holed stopper with glass tubing in each hole into this 250 ml 
Erlenmeyer flask. Let one piece of glass tubing extend almost to the 
bottom of the flask and one piece extend just a small amount past the 
rubber stopper. Make sure the shorter piece does not touch the water 
in the Erlenmeyer flask. 

3. Place a piece of latex (or Tygon) tubing that is about a foot long on 
each of the glass tubes coming out from the top of the rubber stopper 
in the 250 ml Erlenmeyer flask. 
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Figure 14.2 Apparatus for reaction rate determinations. 

4. Connect the side with the shorter glass tubing to the glass tubing 
coming out of the top of fhe 125 ml Erlenmeyer flask. 

5. Place a glass fube on fhe end of fhe lafex fube fhaf is connecfed fo fhe 
longer glass fube and clamp if so fhaf wafer coming fhrough if will 
run info a fall 25.0 ml graduafed cylinder. Ensure fhaf all fhe seals 
are airfighf. 

Part 4: Determining the reaction rate trials 

1. Pour 10.0 ml of 3.0% H 2 O 2 (mass/volume) info a fall 25 ml graduafed 
cylinder and dilufe if wifh DI wafer fo 15.0 ml. Calculafe ifs acfual mol- 
arify using fhe value you defermined in Parf 1 for fhe H 2 O 2 molarify. 

Experiment 1: 0.88 M H 2 O 2 and 0.60 M KI 

2. Accurafely measure 5.00 ml of fhe H 2 O 2 you defermined fhe concen- 
frafion of in Parf 2 info a clean and dry 10 ml graduafed cylinder. 

3. Remove fhe rubber stopper and pour fhe solufion info fhe 125 ml 
Erlenmeyer flask of fhe apparafus. 

4. Accurafely measure 10.00 ml of 0.60 M KI info a 10 ml clean and 
dry graduafed cylinder. Quickly buf carefully pour if info fhe 125 ml 
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Erlenmeyer flask and immediately replace the stopper. Make sure 
the seals are airtight. 

5. Swirl the 125 ml flask for a few seconds to mix the solutions. 

6. Start timing when a steady and constant flow of drops of water 
are transferring to the graduated cylinder. This may take around 
5.0 ml. Record the time in Table 14.2 each time 2.00 ml of water is 
displaced. Continue until 12.00 ml of water has been displaced since 
you began timing. 

7. Make a scatter graph of the volume of water displaced (y axis) ver- 
sus time in seconds (x axis) using Microsoft Excel or an equivalent 
graphing program. Add a linear trendline and display the equation 
and value on the graph. Record the slope of the trendline. {Note: 
If you reverse the axes, you will need to use the inverse slope.) 

8. Repeat this procedure if a second trial is to be conducted, and aver- 
age the slopes. 

Experiment 2: -0.88 M H 2 O 2 and 0.30 M Kl 

9. Use the same procedure as Experiment 1, only for the KI solution 
substitute 10.00 ml of 0.30 M KI instead. 

Experiment 3: Diluted H 2 O 2 and 0.60 M KI 

10. Use the same procedure as Experiment 1, only for the H 2 O 2 solution 
use 5.00 ml of the diluted H 2 O 2 instead. 
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Name 



Data 

Part 2: Determining the H 2 O 2 concentration 

Barometric pressure: 

Water temperature: 

Water pressure: 

Beginning buret reading for Trial 1: 

Beginning buret reading for Trial 2: 

Milliliters of water left in the buret for Trial 1: _ 
Millilifers of water left in the buret for Trial 2: _ 

Millilifers of O 2 obfained in Trial 1: 

Milliliters of O 2 obtained in Trial 2 (optional): 

Average milliliters of O 2 obtained (optional): 



Part 4: Determining the reaction rate trials 

Table 14.2 Rate of Reactions Data for Experiments 1-3 



Experiment 1 Experiment 2 Experiment 3 

time (seconds) time (seconds) time (seconds) 

Trial 2 Trial 2 Trial 2 

Trial 1 (optional) Trial 1 (optional) Trial 1 (optional) 

2.00 

4.00 

6.00 

8.00 

10.00 



Milliliters of 
water 
displaced 
from when 
started timing 



12.00 
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Observations 

Part 2: Determining the H 2 O 2 concentration 



Part 4: Determining the reaction rate trials 
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Calculations 

Part 2: Determining the H 2 O 2 concentration 

Actual molarity of the 3% H 2 O 2 calculation: 



Part 4: Determining the reaction rate trials 

Actual molarity of fhe dilufed H 2 O 2 calculafion: 



Table 14.3 Reaction Rates for Experiments 1-3 



Experiment 1 slopes 


Experiment 2 slopes 


Experiment 3 slopes 


Trial 2 


Trial 2 


Trial 2 


Trial 1 (optional) 


Trial 1 (optional) 


Trial 1 (optional) 


Average if 2 trials: 


Average if 2 trials: 


Average if 2 trials: 
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Analysis 

1. Determine the order of the H 2 O 2 in this reaction. 



2. Determine the order of fhe KI in this reaction. 



3. Calculate the rate law constant (k) 
average rate law constant. 



for each experimenf and fhe 



4. Whaf is the overall rate law? 
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Think green 

1. If time and resources permit, expand the experiment to include 
several more trials with other concentrations of KI and H 2 O 2 . Evaluate 
the results. Do they support the original experiment values? 

2. In this lab, you used both catalase and KI as catalysts to decompose 
hydrogen peroxide. There are other catalysts that can be used for 
this, including Pb02 and Mn02. Evaluate these four catalysts in 
terms of the 12 principles of green chemistry and determine which 
one is greener. Include risks associated with using these chemicals. 



Presidential green chemistry challenge 

In this lab you studied reaction rate and reaction order using an enzyme 
catalyst. The Environmental Protection Agency (EPA) gave its 2012 
Presidential Green Chemistry Award in the Greener Synthetic Pathways 
category to Codexis, Inc. for developing a greener synthesis that uses a 
biocatalyst to produce Simvastatin, a drug used to treat high cholesterol. 
Look up information about this award on EPA's website (www2.epa. 
gov/green-chemistry) under challenge award winners and write a brief 
summary about how using this biocatalyst utilizes principles of green 
chemistry. 



chapter fifteen 



Equilibrium constant for 
ferric ion-salicylic acid 
complex determination 

Businesses are constantly concerned with how to 
reduce costs and increase revenue. There are two 
ways this can be accomplished: raising prices, or 
lowering production costs and increasing yields. 

Because raising prices tends to have unwanted 
effects, manufacturers turn to chemists and engi- 
neers to help them lower their production costs and 
increase product yields. Many reactions have some 
ceiling that cannot be overcome by just adding 
more reactants, so other factors must be changed to 
increase yield. One way this ceiling can be described 
is by the equilibrium constant. 

The reactions studied up until now have been perceived as one-way 
reactions where products don't spontaneously reproduce reactants. 
In chemical reactions, this full conversion is not usually the case. 
Reactants constantly form products, but products also form reactants. 

Take the reaction of A with B to form C, as shown below: 

aA + bB ^ cC 

The arrow in this reaction points both ways! The forward reaction has A 
reacting with B to form C, while fhe reverse reaction has C decomposing 
into A and B. Eventually there will be a point where the forward reaction 
and the reverse reaction are happening at equal rates. This point is called 
equilibrium. 

At equilibrium, the molar concentrations of producfs and reactants 
will be at a fixed ratio. This ratio is ultimately used to describe how much 
product will be formed in a chemical reaction. The ratio is the equilibrium 
constant. The equilibrium constant is denoted and can be calculated 
by raising the molar concentrations of products to their coefficients and 
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dividing them by the reactant's molar concentrations raised to their 
coefficients. A general reaction equation and its corresponding equilib- 
rium constant equation can be seen below: 

aA + bB ^ cC + dD 

^ _[cnof 



From this equation you can see that remains the same at a given 
temperature even if fhe molar concenfrations change. To calculafe an 
equilibrium consfanf in fhe lab, known concenfrations of fhe reacfanfs are 
reacted until equilibrium is reached. At equilibrium, the concentration 
of one producf is determined, often by UV-visible spectrometry using 
a standard curve. Knowing the initial concentration of fhe reactants, 
the amount of a product formed, and the stoichiometry of fhe reacfion 
allow for fhe calculation of how much of the reactants are present at 
equilibrium. 

An ICE chart is often created to assist in determining ICE is an 
acronym that stands for "initial change equilibrium," and it records the 
initial and final concentrations of products and relates those concentra- 
tions using a variable of change (x). The amounf of change is dicfated by 
sfoichiomefry. If fhe initial concentration of fhe reactants is known and 
the concentration of one of fhe products at equilibrium can be determined, 
then K,„ can be calculated. 

In this experiment, you will calculate an equilibrium constant for 
fhe following reacfion first at room temperature and later at varying 
conditions: 



Ee3+ + C6H4(0H)C00H ^ [EeC6H4(OH)COOH]3+ 

At the pH you will first make this complex; only one salicylic acid mol- 
ecule complexes, as shown with one ferric ion. This equilibrium reac- 
fion forms 1 mole of a ferric ion-salicylic acid complex, which will be 
referred to as EeSA. It has a deep purple color that is easily quantifiable by 
UV-visible specfroscopy. 

In fhe firsf procedure you will use a UV-visible specfromefer fo create 
a linear calibration curve using standard solutions so the concentration of 
EeSA af equilibrium can be defermined. The calibrafion curve is made by 
plofting fhe absorbances of fhe sfandard solutions at a particular wave- 
length against their concentrations and adding a trendline and its line 
equation. In the creation of the calibration curve it is important to use a 
large excess of ferric ammonium sulfafe. This drives the reaction almost 
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to completion, and allows for the assumption that all of the salicylic 
acid is being converted to the FeSA. Additionally, this procedure is pH 
dependent. For this reason, the total volume and the reagents are made 
using 0.002 M HCl. 

In the second part of the experiment you will calculate the equilib- 
rium constant at room temperature for fhis reaction by obtaining the 
absorbance of a solution made from known concentrations of reacfants. 
To do fhis, you will create an ICE chart to assist in determining 

Example 

A reaction often used for an equilibrium constant lab reacts Fe(N03)3 with 
KSCN to form a red solution containing FeSCN^h It involves the following 
reaction: 



Fe3-(,„ + SCN-^FeSCN%q) 

When doing this experiment, a student mixed 5.00 ml of 1.00 x 10^^ M 
Fe(N03)3 with 4.00 ml of 1.00 x lO ^ M KSCN and diluted to 10.00 total ml 
using a weak acid solution. A red solution of FeSCN^^ was formed, and its 
concentration at equilibrium was determined to be 1.00 x 10 M. 

To determine K^,^, the initial concentrations of the reactants must first 
be determined: 



^ , ... ^ , r . . L of reacfant used 

Imhal concentrafion = M of reacfant • ■ — 

L of total volume 



Initial Fe(N03)3 = 1.00 x 10“^ M ■ ^ = 5.00 x 10“^ M 

0.01000 L 



Initial KSCN = 1.00 x 10“^ M ■ ^ = 4.00 x 10“^ M 

0.01000 L 



The ICE chart in Table 15.1 can then be made and K,„ calculated. 



Table 15.1 Example ICE Chart 





MofFe(N 03)3 


M of KSCN 


MofFeSCN^* 


Initial 


5.00 X 10-^ M 


4.00 X 10-^ M 


OM 


Change 


-1.00 X 10-^ M 


-1.00 X 10-^ M 


+1.00 X 10-^ M 


Equilibrium 


4.48 X 10-^ M 


3.48 X 10-^ M 


0.52 X 10-^ M 
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. [peSCN"-^] 

Fe(N03)3 [KSCN] 



, 0.52x IQ-^M 

''' “ 4.48 X 10“^ M X 3.48 x 10“'‘ M 



= 334 



So how does knowing this lower production costs and increase 
profits? To increase the yield of a reacfion, a few fhings can be done. 
Le Chafelier's principle says fhaf faking away producfs will alfer fhe 
rafe of fhe reverse reacfion and cause fhe posifion of equilibrium fo shiff 
fo fhe righf. The opposife is frue for reacfanfs. Running fhe reacfion af 
an opfimized femperafure or pH can change fhe equilibrium consfanf, 
fo improve fhe amounf of producf obfained and reduce wasfe. This ufi- 
lizes fwo principles of green chemisfry: atom economy and design for energy 
efficiency. 

Objective 

The purpose of fhis lab is fo calculafe fhe equilibrium consfanf for fhe 
reacfion forming fhe iron (lll)-salicylic acid complex from ferric ammo- 
nium sulfafe and salicylic acid by creafing a sfandard curve and ufilizing 
an ICE charf. How fhe producf concenfrafion changes by femperafure and 
pH changes will also be explored. 
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Name 



Prelab questions 

1. Define the term equilibrium and explain the importance of knowing 
the value of an equilibrium constant. 



2. Calculate the molarity of an iron (Ill)-salicylic acid complex (FeSA) 
for each of the standard solutions you will use in Part 1 of the proce- 
dure to make the calibration curve (Table 15.2). Assume that all sali- 
cylic acid is being converted to a 1:1 iron (Ill)-salicylic acid complex. 



Table 15.2 Standard Solutions' Calculated Molarity 

Milliliters of 0.00600 M Total volume Concentration 
Standard salicylic acid (ml) (M) of FeSA 



0 


0.00 


25.00 


1 


1.00 


25.00 


2 


2.00 


25.00 


3 


3.00 


25.00 


4 


4.00 


25.00 


5 


5.00 


25.00 
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3. Complete the ICE chart for the reaction conditions you will be per- 
forming in Part 2 if fhe iron (III) salicylafe concenfrafion was found 
fo be 1.50 X 10 M (Table 15.3). (This is differenf from whaf you 
will obtain.) 

Fe3+ + C(,H4(0H)C00H ^ [FeC(,H4(OH)COOH]3+ 



Table 15.3 ICE Chart for Iron (III) Salicylate Reaction 





M of ferric 
ammonium sulfate 


M of salicylic 
acid 


M of FeSA 


Initial 








Change 








Equilibrium 









4. Write the equation that you will be using showing the substances. 
Calculate the using the ICE chart created in question 3. 



5. Research and evaluate the hazards for all chemicals you will be 
using. Sfudy fhe procedure and look for ofher possible hazards fhat 
exisf. Lisf all hazards, including ones from chemicals. Whaf profec- 
five equipment will you need to use? 
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Procedure 

Part 1: Creation of standard curve 

1. If not already done, turn on a UV-visible spectrometer and let it 
warm up. Set it up according to the instructions for the spectrometer 
you are using. 

2. Retrieve approximately 35 ml of 0.0200 M ferric ammonium sul- 
fate diluted in 0.2 M HCl solution in a 50 ml heaker, and 20 ml of 
0.00600 M salicylic acid in a 50 ml heaker. 

3. Consecutively label six clean, dry vials or large test tubes 0-5 and 
place them in order into a test tube rack. Accurately place the amormts 
of each solution into each vial to make each solution a constant vol- 
ume of 25.00 ml, as shown in Table 15.4. Place the top on the vial or 
close off with a small square of parafilm. Mix each solution well. 

4. Rinse a cuvette with small amounts of the blank at least three 
times. Fill the cuvette approximately two-thirds full with the blank. 
Clean the outside of the cuvette with a KimWipe and place it in the 
UV-visible spectrometer. Run the blank. 

5. Fill the cuvette as you did in step 4 with standard 1 and obtain a 
spectrum from 400 to 650 nm. Determine the best wavelength to use 
for a calibration curve. This is often the wavelength with the maxi- 
mum absorbance and is called the lambda max. However, if too much 
noise is present for an accurate reading, you may want to choose a 
different wavelength. If the UV-visible spectrometer does not let you 
see the spectrum, use 507 nm unless instructed otherwise. 

6. Obtain and record the absorbances in Table 15.7 for standards 
2 through 5 the same way you did in step 4. 

7. Create a graph comparing the absorbance (y axis) and concentration 
(x axis) of each sample at the chosen wavelength. Add a trendline of 
best fit to the graph, and record the trendline equation in the data 
section. 



Table 15.4 Standard Solutions Preparation 



Standard 


Milliliters of 
0.0200 M 
NH 4 Fe(S 04)2 


Milliliters of 
0.0060 M 
salicylic acid 


Milliliters of 
DI water 


Total 

volume 


0 (blank) 


5.00 


0.00 


20.00 


25.00 


1 


5.00 


1.00 


19.0 


25.00 


2 


5.00 


2.00 


18.0 


25.00 


3 


5.00 


3.00 


17.0 


25.00 


4 


5.00 


4.00 


16.0 


25.00 


5 


5.00 


5.00 


15.0 


25.00 
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Part 2: Calculation of the equilibrium constant 
for iron (III) salicylate 

1. Obtain a little over 10 ml of 0.00400 M NH 4 Fe(S 04)2 in a clean and 
dry 50 ml beaker. 

2. In a vial or test tube, prepare the sample shown in Table 15.5. Mix 
the solution well, as done in Part 1. 

3. Read the absorbance of fhe solution at the previously chosen wave- 
length. Calculate the concentration of iron (III) salicylate present 
using the absorbance and the equation of the standard curve. 

4. Create an ICE chart in Table 15.9 for the sample and calculate its 
equilibrium constant. 

Part 3: Effect on absorbance of various factors 

1. With the remaining four fesf fubes, fhe effects of pH and tempera- 
fure will be tesfed. For this, create the samples that are shown in 
Table 15.6 (ferric ammonium sulfafe is labeled FAS and salicylic acid 
is labeled SA). 

2. Obfain and record in Table 15.8 fhe absorbance of each solution at 
the previously chosen wavelength. 

3. Calculate and record in Table 15.10 the concentrations of iron (III) 
salicylafe present for these solutions using their absorbances and the 
equation of the standard curve. Compare these values to the value in 
Part 2. 



Table 15.5 Sample Solution Preparation to Determine 





Milliliters of 
0.00400 M 


Milliliters of 
0.00600 M 


Milliliters of 


Total volume 


Sample 


NH 4 Fe(S 04)2 


salicylic acid 


DI water 


(ml) 


1 


2.00 


2.00 


21.00 


25.00 



Table 15.6 Sample Solutions Preparation to Determine Variables' Effects 



Sample 


Milliliters 
of 0.0040 
MPAS 


Milliliters 
of 0.0060 
MSA 


Milliliters 

ofDI 

water 


Total 

volume 

(ml) 


Special 

addition or condition 


1 


2.00 


2.00 


21.0 


25.0 


Heat 2 minutes in a 
60°C hot water bath 


2 


2.00 


2.00 


21.0 


25.0 


Cool 5 minutes in an 
ice water bath 


3 


2.00 


2.00 


16.0 


25.0 


Add 5 ml O.OIM NaOH 


4 


2.00 


2.00 


16.0 


25.0 


Add 5 ml O.OIM HCl 
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Name 



Data 

Part 1: Creation of standard curve 

Wavelength chosen: 

Table 15.7 Concentration and Absorbance Values for FeSA 
Concentration (M) of 

Sfandard FeSA Absorbance (AU) 

0 (blank) 0 M 

1 
2 

3 

4 

5 



Part 2: Calculation of the equilibrium constant for FeSA 

Measured sample absorbance: 



Part 3: Effect on equilibrium constant for other conditions 

Table 15.8 Absorbance for Samples 
Sample Measured absorbance (AU) 

1 

2 

3 

4 
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Observations 

Part 1: Creation of standard curve 



Part 2: Calculation of the equilibrium constant for FeSA 



Part 3: Effect on equilibrium constant for other conditions 



Chapter fifteen: Equilibrium constant determination 



223 



Calculations 

Part 1: Creation of standard curve 

See prelab question 2 for standard curve molarity values. 

Trendline equation from graph: 



Part 2: Calculation of the equilibrium constant for FeSA 

... T, . r . . L of reactant used 

Initial concentration = M of reactant 

L of total volume 



Initial M of NH 4 Fe(S 04)2 = 



Initial M of salicylic acid = 



Trendline equation: 



Equilibrium M of FeSA 
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Table 15.9 ICE Chart for FeSA Reaction 






M of NH 4 Fe(S 04)2 M of salicylic acid 


M of FeSA 


Initial 

Change 

Equilibrium 







Calculate the equilibrium constant: 



Part 3: Effect on equilibrium constant for other conditions 

Calculate the concentration for each listed condition and fill in Table 15.10 



Table 15.10 Effect of Other Conditions on Concentration 
Sample Measured absorbance (AU) Calculated concentration 

1 

2 

3 

4 
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Analysis 

1. Research the chemicals used in the example given in the introduc- 
tion. What green chemistry principles are explored in this lab? 
Explain your answer. 



2. Why does the standard curve need to be created using a large 
excess of ferric ammonium sulfafe? Whaf would happen if a 
sfandard curve was creafed using sfoichiomefrically equivalenf 
amounfs of bofh reacfanfs? 



3. The effecfs of slighfly varying pH and femperafure were fesfed. 
Which change was mosf effecfive? How effecfive would slighfly 
changing fhe concenfrafion of one reacfanf be? 
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Think green 

1. Evaluate how green the procedure was that you used in this experi- 
ment. What are some ways you think this method could be made 
even greener or could be altered to shift the equilibrium so that more 
of fhe producf would be produced? If fime and resources permif, fry 
your idea(s) and discuss your resulfs. 

2. KSCN is offen used in equilibrium labs. Alfhough if is highly 
unlikely in an academic selling, HCN can be formed from KSCN. 
Research under whaf condifions fhis can occur and creafe a scenario 
where fhis would happen in an academic selling from improperly 
freafed wasfe. 

3. If fhis was a business, how could changing a facfor like pH save 
money in producfion cosfs? 



Presidential green chemistry challenge 

The Environmenfal Profecfion Agency (EPA) gave ifs 2006 Presidenfial 
Green Chemisfry Award in fhe Designing Greener Ghemicals cafegory fo 
S.G. Johnson & Sons, Inc. for creafing a GreenlisP'^. If is used fo evaluafe 
ingredienfs in ifs producfs and reformulafe when possible fo make fhem 
greener. Look up informafion abouf fhis award on EPA's websife (www2. 
epa.gov/green-chemisfry) under challenge award winners and wrife a 
brief summary abouf fhis lisf and explain how if ufilizes principles of 
green chemisfry. 
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Determination of amount of 
ascorbic acid in a vitamin C 
tablet by redox titration 

You have just been hired in quality control at a vita- 
min supplement company, and on your first day, 
a potential disaster comes up. Someone forgot to 
label the containers of vifamin C tablefs, and now 
fhere is no way to tell which contains 500 mg tablets 
and which contains 1000 mg tablets! You are tasked 
with determining just how much vitamin C is in 
each batch of tablefs, and the company has a proce- 
dure to do this involving a redox titration. However, 
this method generates hazardous waste, and due to 
budget cuts, the company doesn't want to have to 
pay to dispose of it any longer. So what do you do? 

A greener method must be developed! 

Oxidation is a chemical change involving the loss of elecfrons fhat resulfs 
in an increased oxidafion number. This process also includes the loss of 
a hydrogen atom or gain of an oxygen atom. An example of oxidafion is 
solid zinc losing elecfrons fo go into its ionized form: 

Z^ri(s) + 2e' 

Reduction is the exact opposite of oxidation. It involves a gain of elec- 
trons resulting in decreased or reduced oxidation number. Reduction may 
involve gaining a hydrogen atom or losing an oxygen atom. Aqueous cop- 
per gaining electrons to go into its solid form is an example of reduction. 

Cu^+ + 2e^ ^ CU(5) 

As the name suggests, a redox reaction combines oxidation and 
reduction. Electrons liberated in the oxidation reaction are used to fuel 
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the reduction reaction. If the two reactions above are combined, the 
following net reaction results: 

2n(g) + Cu^aqj ^ Zn^aq^ + Cu^gj 

The above reaction describes using zinc metal to make copper ions 
come out of solution to form solid copper. But why is this important in 
green chemistry? One of the purposes of green chemisfry is to reduce the 
environmental impact of chemicals, and fhat's just what removing copper 
from fhe solufion does. A solution containing certain copper substances 
can be dangerous to the environment. But, by plating the copper out of 
solufion, as shown in the reaction above, you form zinc ions and solid 
copper fhat normally do not pose as much of an environmenfal risk. 

Now let's get back to the original problem: How do you determine 
how much ascorbic acid is in the vitamin C tablet? Ascorbic acid is a 
reducing agent, meaning that it is oxidized in a reaction and causes what- 
ever it reacts with to be reduced. Most typical redox titration reactions use 
potassium permanganate, a strong oxidizer, to oxidize iron (II) ions into 
iron (III) ions. So, because this lab is using a reducing agent, you should 
simply reverse this process and transform iron (III) ions info iron (II) 
ions. If an unknown amounf of ascorbic acid is fifrated with a known 
amount of iron (III) ions, fhe concentration can be easily determined. The 
iron (III) (also referred to as ferric) ions can be produced by dissolving 
ferric ammonium sulfate (FeNHqSOJ in water. 

Salicylic acid is an excellent indicator for this titration. You may be 
familiar wifh salicylic acid because it is used to make aspirin and is pres- 
ent in many over-the-counter medicines, such as acne creams. The ferric 
ions reacf wifh salicylic acid to form a ferric-salicylafe complex thaf furns 
fhe solufion a dark red-purple color (Figure 16.1). However, when no 
iron (III) ions are present, the solution will be clear. 

In the redox titration reaction, ascorbic acid in the vitamin C tablet 
will be doubly oxidized to form dehydroascorbic acid. The molecular 
sfructures are shown in Figures 16.2 and 16.3. 




Figure 16.1 Iron (Ill)-salicylate complex. 
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Figure 16.3 Dehydroascorbic acid. 

+ Ascorbic acid — ^ + Dehydroascorbic acid 

In this lab you will prepare a 0.100 M ascorbic acid standard solution 
and use this to standardize a 0.100 M ferric ammonium sulfate solution 
that you have also prepared. A salicylic acid solution will be used as the 
indicator. The calculation is shown below. Note that ascorbic acid is abbre- 
viated to AA. 



Moles AA = Total volume aa • MolarityAA 



Moles Fe^"" = Moles AA • 



2 Moles Fe^-^ 
1 Mole AA 



Moles Fe^^ 

Molarity of Fe^" ^ = Molarity of FeNH 4 S 04 

^ Volume Fe^" ^ 

Nexf, you will use your ascorbic acid sfandard solufion fo back fifrafe 
a solufion made from 0.10 crushed vifamin C fablef mixed wifh excess 
sfandardized FeNH 4 S 04 solufion. A back fifrafion is where an excess of 
reagenf is added, and fhen fhe amounf of fhe excess is defermined by 
doing a fitrafion wifh a second reagenf. The second fifration shows how 
much excess of fhe firsf reagenf was added. This is a back tifrafion since an 
excess of sfandardized FeNH 4 S 04 is added, and fhis excess is fhen fitrafed 
wifh ascorbic acid sfandard solufion. The milligrams of vifamin C in one 
fablef can now be defermined using fhe calculafion shown in fhe follow- 
ing example. 
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Example 

When determining the milligrams of vitamin C in a tablet, a solution 
was made by dissolving the mass of a crushed vifamin C fablef in 100 ml 
of wafer and filfered. 25.00 ml of fhis vifamin C solufion and 20.00 ml of 
0.1000 M FeNH 4 S 04 sfandardized solufion were mixed in a 250 ml 
Erlenmeyer flask and back fifrafed wifh 0.1000 M ascorbic acid sfandard 
solufion. The endpoinf was reached affer 2.97 ml was added. Calculafe fhe 
milligrams of vifamin C in one fablef. 

mmol Fe^"" = Mp^3+ ■ kpeNH 4 SC 4 ' 1000 mmol/mol 



mmol Fe^+ = 0.1000 Mpg 3 + • 0.02000 L ■ 1000 mmol/mol = 2.000 mmol 

mmol AA fofal = (2.000 mmol Fe^'^) • . = 1.000 mmol 

' 2mmolFe^* 

0.1000 M^a = 0.10000 moleAA/LAA = 0.1000 mmolAA/mlAA 
mmol in AA fifranf added = (2.97 mlAA)(0.1000 mmolAA/mlAA) = 0.297 mmol 
mmol 14 fablef = mmol AA fofal - mmol in AA fifranf 
mmol 14 fablef = 1.000 mmol - 0.297 mmol = 0.703 mmol 

mg AA in 1 fablef = 4 • 0.703 mmol 34 fablef • 

^ 1 mmol AA 

mg AA in 1 fablef = 495 mg 

Developing a mefhod fhaf replaces pofassium permanganafe wifh 
cifric acid and salicylic acid ufilizes fwo of fhe 12 principles of green chem- 
isfry: prevention and use of renewable feedstocks. Pofassium permanganafe is 
a sfrong oxidizing agenf fhaf requires careful storage and use. Cifric acid 
and salicylic acid can bofh be obfained fhrough nafural producfs. 



Objective 

The purpose of fhis lab is to sfandardize a solufion of ferric ammonium 
sulfafe and determine fhe amounf of ascorbic acid in one vifamin C fab- 
lef by fifrafion wifh fhe sfandardized ferric ammonium sulfafe and back 
fifrafion wifh 0.1 M ascorbic acid. 
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Name 



Prelab questions 

1. Define the terms oxidation and reduction. 



2. Calculate the amount of ascorbic acid needed to produce 100 ml of a 
0.100 M solution. 



3. Taking into consideration that ascorbic acid (C^HgOg) must be oxi- 
dized twice to form dehydroascorbic acid (CgHgOg), write a reaction 
equation that balances both elements and electrons. 



4. Research and evaluate the hazards for all chemicals you will be 
using. Study the procedure and look for other possible hazards that 
exist. List all hazards, including ones from chemicals. What protec- 
tive equipment will you need to use? 
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Procedure 

Part 1: Preparation of 1.0 M ascorbic acid standard solution 

1. Obtain in a 150 ml beaker the correct amount of ascorbic acid to 
prepare 100 ml of a 0.1 M ascorbic acid using your prelab calculafions. 
Record fhe exacf mass in fhe dafa secfion. 

2. Add approximafely 50 ml of deionized (DI) wafer and sfir unfil all 
fhe ascorbic acid is dissolved. 

3. Use a funnel if needed fo carefully fransfer fhe ascorbic acid solufion 
info a 100 ml volumefric flask. Rinse fhe beaker and funnel wifh sev- 
eral small porfions of DI wafer and add fhem fo fhe volumefric flask, 
making sure nof fo add pasf fhe 100 ml mark. Add DI wafer unfil fhe 
boffom of fhe meniscus touches fhe mark. Stopper fhe volumefric 
flask and mix well. 

4. Calculafe fhe exacf molarify of fhis ascorbic acid sfandard solufion. 

Part 2: Standardization of ferric ammonium sulfate dodecahydrate 

1. Obfain in a 150 ml beaker approximafely 65 ml of 0.1 M NH4Fe(S04)2 • 
I2H2O. 

2. Assemble a fifrafion apparafus as shown in Figure 16.4. Use a funnel 
and fill a 25 ml buref wifh fhe 0.1 M ascorbic acid sfandard solu- 
fion. Drain some sfandard solufion info a wasfe beaker unfil all air 
bubbles are gone. Fill fo fhe 0.00 ml mark. 

3. Label fhree 125 ml Erlenmeyer flasks 1, 2, and 3 and add 2.00 ml of 
your 0.1 M ascorbic acid sfandard solufion info each flask from fhe 
buref. Record exacfly how much 0.1 M ascorbic acid solufion you 
added fo each flask in fhe dafa fable. 

4. Add fwo or fhree drops of fhe salicylic acid indicator solufion fo each 
flask, and pipe! 10.00 ml of 0.1 M ferric ammonium sulfate solufion 
info each one. The resulfing solufion should be a dark purple. 

5. Refill your buref fo fhe 0.00 ml mark. Using proper analyfical fifra- 
fion fechnique, slowly fifrafe fhe solufion in each Erlenmeyer flask 
wifh 0.1 M ascorbic acid sfandard solufion unfil fhe solufion becomes 
clear. Record how much fifranf was added fo each flask in fhis sfep 
in Table 16.1. 

6. Determine fhe fofal amounf of ascorbic acid sfandard solufion fhaf 
was added. Calculafe fhe exacf molarify of fhe NH4Ee(S04)2 ■ I2H2O 
solufion by firsf calculafing if for each frial and fhen calculafing fhe 
average Ee^^ molarify. 
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Part 3: Titration of vitamin C tablet 

1. Obtain three vitamin C tablets, record the mass of each, and calcu- 
late the average mass for one fablef. Crush fwo vitamin C tablets 
with a mortar and pestle and weigh the average amount of powder 
fhaf would equal one fablef info a clean and dry 150 ml beaker. 

2. Carefully fransfer all of the powder into a 100 ml volumetric flask, 
using D1 wafer fo rinse as required. Fill fo fhe mark wifh D1 wafer 
and shake well. Pilfer fhrough Whafman 40 filfer paper info a clean 
and dry 150 ml beaker. 

3. Pipe! 10.00 ml of fhe vifamin C fablet solufion info fhree clean 125 ml 
Erlenmeyer flasks. This is 0.100 of fhe vitamin C tablet in each flask. 
Also pipe! 10.00 ml of sfandardized 0.1 M NH 4 Fe(S 04)2 • I 2 H 2 O 
solufion into each flask. Add fwo or three drops of salicylic acid 
indicator solution to each flask. Swirl fo mix well and allow if fo sif 
for 5 minufes. 

4. Back fifrafe each flask wifh the 0.1 M ascorbic acid standard solution, 
and record the volume added in Table 16.2. 

5. Calculate the millimoles ascorbic acid in 0.100 tablet, the average 
millimoles ascorbic acid in 0.100 tablet and in 1 tablet, and the aver- 
age milligrams of vifamin C in 1 tablef. 

6. After completing the experiment and performing all calculafions, 
check fhe vifamin C supplemenf boftle fo see fhe milligrams of vifa- 
min C shown to be in your tablets. Using the information on the 
bottle, calculate your percent error. 
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Name 

Data 

Part 1: Preparation of ascorbic acid standard solution 

Grams of ascorbic acid: 

Part 2: Standardization of ferric ammonium sulfate dodecahydrate 

Table 16.1 Data for Standardization of Ferric Ammonium 
Sulfate Dodecahydrate 



Trial 


12 3 


Initial volume of 
ascorbic acid added 

Volume of 
FeNH 4 S 04 - 12 H 20 

Volume of ascorbic 
acid titrant 

Total volume of 
ascorbic acid added 

Millimoles Fe^+ in 
solution 

Total millimoles 
ascorbic acid 

Fe^+ solution molarity 

Average Fe^’^ molarity 
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Table 16.2 Data for Titration of Vitamin C Tablet 
Trial 12 3 Average 

Mass of vitamin C tablets 

Volume of FeNH 4 S 04 • I 2 H 2 O 

Volume of vitamin C solution 

Millimoles Fe^+ in solution 



Volume of ascorbic acid 
added by titration 



Millimoles ascorbic acid 
added by titration 



Millimoles ascorbic acid in 
0.100 tablet 



Average millimoles ascorbic 
acid in tablet 



Average milligrams of 
vitamin C in 1 tablet 



% error 



Observations 
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Calculations 

Part 1: Standardization of ferric ammonium sulfate 

Actual ascorbic acid solution's molarity calculation: 



Trial 1: molarity calculation 



Trial 2: Fe^+ molarity calculation 



Trial 3: Fe^"^ molarity calculation 



Average molarity of Fe^+ in ferric ammonium sulfate solution: 



Part 2: Titration of vitamin C tablet 



Used for all trials: 
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Trial 1: Calculation for millimoles ascorbic acid in 0.100 tablet 



Trial 2: Calculation for millimoles ascorbic acid in 0.100 tablet 



Trial 3: Calculation for millimoles ascorbic acid in 0.100 table! 



Average millimoles ascorbic acid in 0.100 tablet: 



Average millimoles ascorbic acid in one tablet: 



Average milligrams of vitamin C in one tablet: 



Actual milligrams of vitamin C in one tablet: 



Percent error 



I theoretical value - experiment value I . _ _ 
% error = J— — - — - — — — c — ^ — — J. x 100 



theoretical value 
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Analysis 

1. How close were your results to the amount of vitamin C shown on 
the bottle? Do you consider this acceptable? Explain your answer. 



2. Would you expect the pH of fhe solufion fo become higher, lower, or 
sfay fhe same as fhe ascorbic acid is oxidized? 
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Think green 

1. How would the procedure have to be modified to analyze a 1000 mg 
vitamin C tablet? If fhere are fime and resources available, fry your 
modified procedure. 

2. One sfandard mefhod uses an iodine fifrafion and a mercury-sfarch 
indicafor fo sfandardize ferric ammonium sulfafe, and anofher 
mefhod uses pofassium permanganafe and sfrong acids, includ- 
ing sulfuric and phosphoric acids. These chemicals are also typi- 
cally used in other redox titration labs. Evaluate in terms of fhe 
12 principles of green chemisfry why fhe mefhod ufilized in fhis lab 
is preferred. Include risks associafed wifh using fhe chemicals lisfed 
in fhis paragraph. 



Presidential green chemistry challenge 

Elecfroplafing involves fhe use of redox reacfions. The Environmenfal 
Profecfion Agency (EPA) gave ifs 2013 Presidenfial Green Chemisfry 
Award in fhe Small Business cafegory fo Paraday Technology, Inc. for an 
innovafive mefhod for chrome plafing using frivalenf insfead of hexava- 
lenf chromium. Look up informafion abouf fhis award on EPAs websife 
(www2.epa.gov/green-chemisfry) under challenge award winners and 
wrife a brief summary abouf fhis fechnology and how if ufilizes prin- 
ciples of green chemisfry. 
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Qualitative analysis of metal 
cations and using ion-selective 
electrodes 



Have you ever wanted to be a detective? Well, 
regardless of your answer, you are going to become 
one in this lab by performing qualifative analysis. 

You're going to investigate how a list of suspects, or 
metal cations, behave so that you can find out which 
ones are guilty of being in your unknown solution. 

Qualitative analysis is a branch of chemistry dealing with identifying 
whaf substances are present in a mixture. In other words, it is like being 
a chemistry detective. Ions behave in specific ways, and the ways in 
which they react can tell you which ones are present in a solution of 
unknown composition. 

But, to know if fhey are in your unknown, you have fo be able fo see 
what a positive test looks like. So, you are going to be given a solution con- 
taining all five of the following ions: Ca^h Sr^+, Fe^+, AP+, and Cu^+. These 
ions are produced by dissolving mostly their corresponding acetates 
(compounds that contain the acetate anion — CH3COO ) in water. 

When compounds dissolve in water, they will typically ionize. 
Equation 17.1 shows the solvation reaction of calcium acetafe dissolving 
in wafer: 



Ca(CH3COO)2(,, ^ Ca2-(,q) + 2CH3COO (,q) (17.1) 

These ions in solution are free to react with one another to produce 
another compound. If fhat new compound is wafer soluble, it will sim- 
ply reionize and remain in solution. For example, if a solution containing 
chloride ions is added to the solution containing calcium ions, calcium 
chloride would not precipitate out since it is a water-soluble compound. 

+ 2C1 (gq) ^ CaCl2(aq) ^ + 2C1 (^qj (17.2) 
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However, if the compound is not water soluble, it will precipitate. This 
is the case when silver ions react with chloride ions: 

Ag'"(aq) + Ch(aq) ^ AgCl(g) (17.3) 

There are solubility rules for ionic compounds that help us know if 
a compound will precipitate out. A brief summary of these rules is that 
Group lA, ammonium compounds, acetates, and nitrates, is soluble; 
most chlorides, bromides, and iodides are soluble; and most carbonates, 
phosphates, sulfides, and hydroxides are insoluble. Notice that "most" 
is used for many of the types of compounds. There are exceptions. For 
example, both Equations 17.2 and 17.3 involve chlorides. One of the solu- 
bility rules states that most chlorides are soluble, and yet silver chloride 
will precipitate. It is one of the known exceptions. In order to minimize 
side reactions, or reactions that occur in addition to the desired one, most 
of the compounds used in this lab are acetates. 

Throughout this lab, you will see how the ions in solution behave 
when different chemicals are added — what color changes happen, what 
precipitates, etc. Flowcharts are very helpful for this type of analysis. 
A flowchart for this lab is located in the procedure as Figure 17.1. As sum- 
marized in this chart, the qualitative identifications are made through 
three separate sequences. The first sequence confirms the presence or 
absence of Cu^+ and AP+, the second Fe^h and the third Sr2+ and Ca^+. 

In the first sequence, household ammonia is added to the solution 
being analyzed. If copper ions are present, it will form a complex and 
turn bright blue. Some of the other ions will precipitate, including AF+. 
However, when excess sodium hydroxide is added, the AP+ will redis- 
solve. Equations 17.4 and 17.5 show this reaction sequence: 

AP-(,q, + 3NH3(,q) + 3H,0 ^ A1(0H)3„) + 3NHp„,,) (17.4) 

A1(0H)3(,) + OH-(,q) ^ AP-,3q, + 3H30(„ (17.5) 

The solution can be decanted from the precipitate, and when the pH 
is made weakly acetic using acetic acid, a precipitate will form. 

The second sequence confirms the presence or absence of Fe^+. Sali- 
cylic acid forms a dark purple complex with iron (III) ions when they are 
present. 

The third sequence begins with a flame test for strontium ion. When 
strontium ions are present, a flame will have some red around the edges. 
The presence of strontium ions can be confirmed, as well as determin- 
ing the presence of calcium ions, by adding a sodium sulfate solution. 
Strontium and calcium ions will precipitate as sulfates, while copper. 
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Figure 17.1 Flowchart for known and unknown solutions. 

iron, and aluminum ions do not and will remain in the solution. Calcium 
sulfate is slightly soluble in water, so it will not precipitate out when the 
sodium sulfate is first added. This allows the strontium sulfate to be sepa- 
rated out first and identified. Calcium sulfate is insoluble in alcohols, so to 
make it precipitate, you will add ethanol to the solution decanted from fhe 
sfronfium sulfafe after it was precipitated. The two sulfates will be further 
identified by their solubility in acid, specifically cifric acid. Calcium sul- 
fafe is soluble in cifric acid, while stronfium sulfafe is nof. 

In this lab, you will first work through the procedure with the known 
"all ions" solution while referencing fhe flowchart shown in Figure 17.1. 
It will be important to record all observations and data and to be as 
specific as possible on your observafions. You should describe fhe color 
and consisfency of a precipifafe, approximafely how much fhere is, etc. 
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After you have worked through the flowchart with your known sample, 
you will get an unknown solution that contains some of the ions that 
were also in your all-ions solution. You will work through the same steps 
in order to confirm their presence or absence. 

As you can see, determining the presence of various ions using a 
qualitative analysis scheme is not very practical for most applications. 
This is especially true if a large number of samples have to be analyzed or 
there has to be continual or regular interval monitoring. For this reason, 
it is no longer widely used, and has been replaced, for the most part, by 
chemical instrumentation. There are a large number of chemical instru- 
ments available that are designed to perform certain types of analysis. 
Three instruments that are often used are atomic absorption spectroscopy 
(AAS), inductively coupled plasma (TCP), and ion-selective electrodes 
(ISEs). These instruments are also used to determine how much of a par- 
ticular ion is present. 

Flame tests and atomic absorption spectroscopy work on the same 
principle. They can be used for identification since each element has a 
unique and distinct set of wavelengths of light that it will absorb. This 
is due to the configuration of electrons in its outer shell. When an atom 
receives additional energy from an outside source that is equal to the 
amount of energy a single electron needs to reach a higher energy orbital 
or level, the electron will absorb that energy and go to the higher energy 
level. It then emits the exact amount of energy it absorbed as a wavelength 
of light that often may be seen as a particular color as it returns to its pre- 
vious lower energy level. 

In a flame test, the energy source is a Bunsen burner. It emits a broad 
range of energy, but the electrons of the atom being heated will only 
absorb specific amounts of energy. In AAS the energy source is usually 
a hollow cathode lamp that emits only the wavelengths for the element 
being analyzed. The amount of energy absorbed for one specific wave- 
length is detected. This means AAS can only test for one element at a time. 
This can be time-consuming if you have a large number of samples that 
need to be tested for a large number of elements. For this type of analysis, 
inductively coupled plasma (ICP) is preferred. 

When performing an analysis using ICP, sample solutions are intro- 
duced into an argon plasma where they are converted into singly charged 
ions and sent on to be detected and analyzed. There are different types 
of detectors, including one that incorporates a mass spectrometer (MS). 
The mass spectrometer sorts the ions by their mass-to-charge ratio (m/z) 
and sends them on to be detected. 

ICP-MS instruments have now been developed to where they can 
analyze most elements, from lithium to uranium, simultaneously, often 
down to the parts per trillion level. They can also be used for qualita- 
tive analysis and analyze over 80 elements in just a few minutes! For a 
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qualitative analysis, these ICP instruments mainly require a calibration 
solution, argon, and electricity. This is definitely a greener method! 

ion-selective electrodes are often used to analyze for specific ions 
since they are relatively inexpensive, fairly simple fo use, and can be 
porfable. This means fhey can be taken to what needs to be analyzed. 
ISEs are membrane electrodes that specifically detect a particular ion by 
measuring the potential of a specific ion in a solution against a reference 
electrode with a constant potential. ISEs are made for many differenf ions, 
including bofh cations and anions. 

One of the 12 principles of green chemisfry is real-time analysis 
for pollution prevention. This is often accomplished through the use of 
ion-selective electrodes. They are frequently used for environmenfal mon- 
itoring and process control, since unlike other methods, they can make in 
situ (or on-site) measurements. In Part 2 of this lab, you will explore how 
an ISE can be used to monitor a particular ion by analyzing your all-ions 
known and your unknown for fhe calcium ion. ISEs can be sensitive to 
other ions present, but this is usually to a very small extent. To make sure 
this is not a problem for your samples, you will check a solution of each 
ion that may be present first and make sure none of fhem except the cal- 
cium ion solution gives a significant reading. 



Objective 

You will follow a process to positively identify Cu^h AP+, Ee^h Sr^+, and 
Ca^+ ions; then you will work through the same process to identify which 
ions are present in an unknown solution. Einally, you will use a calcium 
ion-selective electrode to determine the presence of calcium in the known 
and unknown solutions. You will also check to make sure none of the ions 
present give a significant false reading. 
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Name 



Prelab questions 

1. What is the difference befween qualitative and quantitative analysis? 



2. What are the five ions in the all-ions solution? 



3. Prepare a flowchart that shows how you could perform a qualifative 
analysis on a mixfure fhaf could confain Pb^+, Cu^h and Ca^+. Only 
Pb^+ precipifafes as a chloride when dilufe HCl is added. Only Pb^+ 
and Cu^+ precipifafe as sulfides when acidic HjS is added. Ca^+ pre- 
cipifafes when (NH 4 ) 2 C 03 is added. 
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4. What is an ISE and what is it used for? 



5. Research and evaluate the hazards for all chemicals you will be 
using. Study the procedure and look for ofher possible hazards fhat 
exist. List all hazards, including ones from chemicals. Whaf profec- 
five equipment will you need to use? 
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Procedure 

Figure 17.1 shows a flowchart for analysis of known and unknown 
solutions. 

Part 1: Testing for the presence of ions 

1. Obtain 10 ml of all-ions solution in a small vial or beaker and a large 
paper clip or nichrome wire with a small loop at one end. 

2. Label six small test tubes 1, IS, 2, 3, 4, and 5. 

3. Continue on through the following procedure while referencing the 
flowchart in Figure 17.1. Be sure all glassware is clean before use each 
time. Make observations and record all results in the table provided. 

Test for and AP^ 

4. Place 2 ml all-ions solution in tube 1. In a fume hood add 2 ml sudsy 
ammonia and stir. Let sit 1-2 minutes and then centrifuge. A blue 
solution is positive for Cu^+. Discard the solution in the appropriate 
waste container. 

5. Rinse the precipitate with approximately 1 ml deionized (DI) water. 
Stir and centrifuge. Decant the rinse solution into a waste beaker. 

6. Add 2 ml 1 M NaOFI and stir well for at least 1 minute. Centrifuge 
and decant the solution into tube IS. A precipitate indicates Fe^+. 
Discard the precipitate. 

7. Add 5% acetic acid solution (white distilled vinegar) dropwise until 
weakly acidic. Test for acidity using pFI paper. Stir and make sure it 
is still showing it is weakly acidic. If not, add more acetic acid solution. 

8. Let it sit for 1-2 minutes. Centrifuge if needed to verify the presence 
of a precipitate. A white gelatinous precipitate is positive for AP+. 

Test for Fe^'^ 

9. Place 1 ml all-ions solution into tube 2. 

10. Add 1-2 drops of salicylic acid indicator and mix well. A deep purple 
solution is positive for Fe^+. 

Test for Sr^'^ and Ca^^ 

11. Place 2 ml all-ions solution in tube 3. Obtain a nichrome wire that 
has a loop at one end. If not using a nichrome wire, unfold a large 
paper clip and make a small loop on one end. 

12. Light a Bunsen burner and place the wire's loop in the flame until 
no or little color is seen. If necessary, clean the loop by dipping 
it into 2 M FICl and place it in the flame. Repeat until little or no 
color is seen. Carefully remove the wire from the flame each time. 
Caution: The wire loop will be very hot and FICl is corrosive! 
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13. Dip the wire loop into the all-ions solution and then place it in a 
Bunsen burner flame. A briefly flickering of red in the flame is a 
positive indicator for Sr^+ ions. Record your observations and results. 
If the all-ions solution becomes dirty, dispose of it in the proper 
waste container, clean the test tube, and add 2 more ml of fhe all- 
ions solution into tube 3. 

14. Add approximately 2 ml of 0.5 M sodium sulfate solution into tube 3. 
Stir and let sit for 3 minufes fo allow it to completely precipitate. 
Centrifuge. A whife precipitafe is a positive test for Sr^+. 

15. If fhere is a white precipitate, decant the solution into tube 4. Add 
2 ml of 10% citric acid solution into tube 3 and stir. If the white pre- 
cipitate does not dissolve, it further confirms the presence of Sr^+. 
Discard the solution and precipitate in the proper waste container. 

16. Add 2 ml ethanol to the solution in tube 4 and mix well. Caution: 
Do not drink! Ethanol used in the lab has poisonous stabilizers 
added. It is also flammable and must be kept away from flames. Let 
the solution sit for 3 minutes to allow it to completely precipitate. 
Centrifuge. A white precipitate is a positive test for Ca^+. Decanf the 
solution and place it in the appropriate waste container. 

17. Add 1 ml of DI water to the precipitate in tube 4 to wash it and stir. 
Centrifuge, decant off the wash liquid, and discard it. 

18. Attempt to dissolve the precipitate in tube 4 with 2 ml of 10% citric 
acid. Calcium sulfate is soluble in the acid. If the precipitate dissolves, 
then calcium sulfate is present. 

19. Discard the solution and precipitate in the proper waste container. 
Clean and rinse all glassware used with DI water. 

20. Obtain your unknown solution and record its number. Repeat the 
above procedure with your "unknown" solution and determine 
which of the five possible ions are present. 

21. Dispose of all waste as instructed. 

Part 2: Ion-selective electrode test for Ca^'^ 

1. Make a 10% dilution of the all-ions solution. Do this by first measur- 
ing 2.5 ml of fhe all-ions solution in a 25 ml graduated cylinder, and 
then dilute up to 25 ml using DI water. Pour the solution into a 50 ml 
beaker. Stir until well mixed. 

2. Make a 10% dilution of your unknown solution by placing 2.5 ml 
of the unknown solution into a clean 25 ml graduated cylinder, and 
then dilute up to 25 ml using DI water. Pour the solution into a 50 ml 
beaker. Stir until well mixed. 

3. If not already completed, calibrate the Ca^+ ion-selective electrode 
according to the instructions that are given. 
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4. Place the ion-selective electrode into the 10% all-ions solution, 
making sure the solution comes up far enough to be able to obtain a 
correct reading. After you have obtained a stable reading, rinse the 
electrode well with D1 water into a waste beaker. Record your obser- 
vations and results. 

5. Place the Ca^+ ion-selective electrode into your 10% unknown solu- 
tion, making sure the solution comes up far enough fo be able to 
obtain a correct reading. After you have obtained a stable reading, 
rinse the electrode well with D1 water into a waste beaker. Record 
your observations and results. 

6. Also test provided solutions containing individual ions for each of 
fhe ions present in the all-ions solution. This is to make sure none of 
fhem give a significant false positive calcium ion reading. If a false 
positive result is found, verify fhat it is not due to contamination by 
obtaining a fresh solution of that ion and repeat the test. Be sure to 
rinse the electrode well with DI water into a waste beaker after you 
have obtained a stable reading for each solution. Record your obser- 
vations and results. 
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Name 



Data 

Part 1: Testing for the presence of ions 

Table 17.1 Data for Analysis of Known Solution 
Ion Observations Results 

Copper 

Aluminum 

Iron 

Strontium (flame and 
precipitation tests) 

Calcium 



Table 17.2 Data for Analysis of Unknown Solution 
Ion Observations Results 

Copper 

Aluminum 

Iron 

Strontium (flame and 
precipitation tests) 

Calcium 



Unknown number: 
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Part 2: Ion-selective electrode test for Ca^'^ 

Table 17.3 Data for ISE Analysis 

Results Observations 

Known solution 
Unknown solution 
Copper 
Aluminum 
Iron 

Strontium 

Calcium 
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Analysis 

1. What ions did your unknown contain? 



2. What compounds are formed when strontium and calcium precipi- 
tate? Write balanced equations. 



3. What would happen if you decided to add the magnesium ion to the 
all-ions mixture in the form of magnesium sulfate? What problems 
would this cause? 



4. Did your ion-selective electrode results in Part 2 agree with your 
Part 1 results? Were there any ions that gave a significant false posi- 
tive test? 



5. Compare the two procedures used to detect the presence of calcium 
ions. Which one is more useful? Explain your answer. 
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Think Green 

1. Mostly acetates were used to make the all-ions solution. However, 
there was at least one other anion used. How would you use ion- 
selective electrodes to determine the other anion present? If there 
are time and resources available, try your ideas. 

2. Why are ions such as calcium and aluminum used in this green lab 
in place of fhe cobalf, lead, and silver ions fhaf are used in fradi- 
fional labs? Why are acefafes used insfead of nifrafe? In ferms of 
green chemisfry, discuss fhe advanfages of analyzing for fhe ions 
used in fhis experimenf insfead of fhose found in fradifional labs. 

3. Whaf do you fhink would happen if you had a copper hollow cafh- 
ode lamp in an AAS and were analyzing a sample fhaf confained 
only iron ions? Do you fhink AAS can be used for qualifafive analy- 
sis, and if so, how would you do if? If AAS, fime, and resources are 
available, see if you are correcf. 



Presidential green chemistry challenge 

In fhis lab you used mefal acefafes insfead of more hazardous nifrafes. 
The Environmenfal Profecfion Agency (EPA) gave ifs 2003 Presidenfial 
Green Chemisfry Award in fhe Greener Synfhefic Pafhways cafegory fo 
Siid-Chemie, Inc. for developing oxide cafalysfs fhaf have no nifrafe dis- 
charge. Look up informafion abouf fhis award on EPA's websife (www2. 
epa.gov/green-chemisfry) under challenge award winners and wrife 
a brief summary abouf how fhese oxide cafalysfs ufilize principles of 
green chemisfry. 
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How to determine the order of an 
electrochemical series 



How would you like to wake up to a world full of 
rusf, where everyfhing made of iron was coafed 
with a rusty brown layer of iron oxide and disinfe- 
grafing much fasfer than normal? Electrochemistry 
helps keep this from happening! 

Rusfing is simply a redox reacfion befween iron and oxygen in fhe pres- 
ence of moisfure. The moisfure can be as liffle as whaf is in fhe air. Since 
iron and sfeel producfs rust quickly, they are often galvanized or coated 
in some other way to inhibit rusting and eventual deterioration. A galva- 
nized steel product has a zinc coating on the surface fo help prevent this 
reaction from occurring. Unlike ofher coalings, fhe zinc does nof jusf put 
an extra layer between the iron and oxygen like paint does; instead, it 
sacrificially reacts with the oxygen to form zinc oxide. Since moisfure is 
normally presenf, if is converfed fo zinc hydroxide, which will fhen read 
wifh carbon dioxide in fhe afmosphere fo form a layer of zinc carbonafe. 
The zinc carbonafe acfually forms a profecfive impermeable layer over fhe 
zinc below if. The area of chemisfry fhaf sfudies why zinc is an excellenf 
profecfive coaling for iron is called elecfrochemisfry. 

Elecfrochemisfry sfudies fhe relafionship befween elecfricify and 
chemical change. There are fwo major areas of elecfrochemisfry. The first 
one has to do with using chemical reactions to create electrical energy. 
A battery providing electrical energy and a battery with cathodic cor- 
rosion protection are examples of fhis secfion. The second area involves 
using elecfrical energy fo creafe a chemical change. Charging a battery 
and elecfrolysis are examples of fhis area. Bofh of fhese areas require 
knowledge abouf fhe electrochemical series. 

The electrochemical series is simply a list that ranks elements (mostly 
metals) according to how chemically active they are. Chemically active refers 
fo how easily fhey will lose fheir elecfrons. The mosf reacfive will lose elec- 
frons more easily and are higher on fhe lisf. Elemenfs fhaf fend fo hold on 
fo fheir elecfrons and lose fhem wifh greafer difficulfy are lower on fhe lisf. 
Erom fhis lisf you can fell how reacfive a mefal will be fo ofher mefals on 
fhe lisf. The greafer fhe separation between two metals on the list, the more 
likely they will be very reactive when placed in a solution together. 
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The reactions used to set up this series are called redox reactions, 
which is short for oxidization-reduction reactions. These are reactions 
that involve transferring electrons from one subsfance to another. For 
example, when zinc metal is placed in a blue copper ion solution, the fol- 
lowing reaction occurs, causing the solution to turn colorless: 

Z%) + Cu2+(^q) ^ Zn2+,^q) + CU(,, 

As shown, zinc metal is losing its electrons to the copper and 
dissolving in the solution. This means it is the more active metal since it 
gives up its electrons more easily. The zinc is being oxidized and is called 
the reducing agent since it is donating its electrons to another substance 
in the reaction. Copper ions are gaining the electrons the zinc loses and 
becoming copper metal. The copper is being reduced and is called the 
oxidizing agent since it is removing electrons from another substance and 
taking them on itself. 

Corrosion cosfs fhe world several frillion dollars annually, in pre- 
venfing if or repairing or replacing fhings fhaf have corroded. Prevenfion 
is fhe firsf listed principle of green chemisfry, and if is obviously beffer 
fo prevenf or inhibif corrosion. Several fypes of corrosion prevenfion 
ufilize the electrochemical series. Cathodic protection is one example 
since it controls corrosion by placing (or connecting through a wire) a 
more chemically active metal on a less active metal that needs to be 
protected. Electrons flow from fhe more acfive mefal, the anode, to the 
less active metal, the cathode. This keeps the protected metal from being 
oxidized. A magnesium rod is offen used as fhe sacrificial anode, which 
means if is higher on the electrochemical series list than the metal it is 
protecting. 

In the first part of fhis lab, you will come up with an electrochemical 
series of five metals, including copper. To do this, you will use a standard 
solution of copper (II) sulfate to try to plate copper on four different types 
of mefals: aluminum, iron, fin, and zinc. By defermining how much cop- 
per is plafed on a sfrip of each of these metals and how quickly they react, 
you will be able to rank them in order of fheir reacfivify. To gef fhe desired 
reacfion, a small amounf of salf will be added fo the solution. It acts as an 
ion channel for fhe elecfrons to flow through and makes the reaction faster 
and more efficient. The amount of salf added depends on fhe amounf of 
copper in solufion. 

The procedure you will use is nof practical to compare a large number 
of elemenfs or fo use in relafed calculafions. A reliable standard method 
has been developed to do this. The elements are arranged according to 
their standard potential when operating at a standard condition of 1 M 
concenfrafion, gas pressure of 1 afm, and specified temperafure fhaf is 
usually 25°C. The reference electrode used to compare electrode potentials 
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is a standard hydrogen electrode, and it is assigned a potential of 0.00 V. 
After you have determined the order of reactivify for the five metals in 
your series, you will look up their standard potentials in aqueous solu- 
tions and see not only if you have fhem in fhe correcf order, buf also if 
fheir sfandard pofenfial differences reflecf whaf you observed. 

The second parf of fhis lab relafes fo fhe other area mentioned that 
falls under the umbrella of elecfrochemistry. This area involves using 
elecfrical energy to create a chemical change, and includes electrolysis. 
In electrolysis, a current is used to cause a nonspontaneous chemical reac- 
tion to occur. Electrolysis has many industrial uses, including producing 
metals from their ores and anodizing metals for corrosion resistance. 
Aluminum uses both of fhese examples since if is produced by an elecfro- 
lyfic process and fhen anodized. 

When anodizing, the positive electrode (the anode) is what is being 
anodized. The oxygen generated at the anode reacts with the aluminum 
to form the oxide layer. Hydrogen gas is given off af the cathode. The elec- 
trochemical reactions are shown below: 

Anode: 6 H 2 O ^ 3 O 2 + 12H+ + 12e- 

4 Al(s) + 3O2 — ^ 2Al203(s) 

Cathode: + 12e^ ^ 6 ^ 2 (g) 

Anodizing provides a fairly benign mefhod for corrosion resisfance. 
This is because it is just increasing the thickness of a nafurally profecfing 
oxide layer using a reusable cafhode, elecfricify, and an aqueous elecfro- 
lyfe solufion fo conducf fhe elecfricify fhaf normally can be neufralized. 
Since mainly oxygen is added fo fhe surface, anodized mefals can be 
more easily recycled fhan painfed or elecfroplafed ones. This signifi- 
canfly lowers energy consumpfion and greenhouse gas emissions. Acids 
and bases used in cleaning, prefreafmenf, and coloring can be neufral- 
ized, and use of hazardous heavy mefals or foxic organic compounds for 
coloring is minimal. 

In fhe second parf of fhis lab you will anodize niobium. Jewelry made 
from niobium uses anodizing fo creafe an array of colors. This works 
since niobium's color is defermined by fhe fhickness of fhe oxide layer. 
Applying an increased volfage fo fhe niobium increases fhe oxide layer 
and changes fhe color. The colors seen are fhe resulf of consfrucfive fhin- 
film inferference of fwo wavelengfhs of lighf. This occurs when fwo of fhe 
same wavelengfhs of lighf reflecf from fwo differenf areas of fhe niobium, 
one from fhe inner mefal surface and fhe ofher from fhe oufer oxide sur- 
face. If their crests match each other, they reinforce each ofher and provide 
a brighf color. 
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Objective 

In this lab, you will determine an electrochemical series for aluminum, 
copper, iron, tin, and zinc. You will also study the fairly benign process of 
anodizing fhrough anodizing niobium mefal af differenf volfages. 
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Name 

Prelab questions 

1. Define oxidation and reduction. 



2. In the following reaction, identify what is being oxidized, what is 
being reduced, the oxidizing agent, and the reducing agent. 

4FS(s) + 302(g) ^ 2 Fe 203 (s) 

Oxidized: 

Reduced: 

Oxidizing agent: 

Reducing agent: 

3. Write the balanced redox reaction equations for each metal that you 
will be plating in Part 1 of the procedure. 
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4. Write the electrochemical reaction equations that will occur in Part 2 
at the cathode and the anode. Assume Nb20j is the only oxide that 
is forming. Identify fhe electrode where oxidation occurs and the one 
where reduction occurs. 

Anode: 



Cathode: 



5. Research and evaluate the hazards for all chemicals you will be 
using. Sfudy fhe procedure and look for ofher possible hazards fhaf 
exisf and lisf fhem. Whaf profective equipmenf will you need fo use? 
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Procedure 

Part 1: Determining electrochemical series 

1. Set up a vacuum filtration apparatus using a 250 ml filtering 
Erlenmeyer flask and a Buchner funnel. 

2. Obfain four wafch glasses and label fhem Al, Zn, Fe, and Sn. Place a 
piece of Whafman 40 fiber paper fhaf will properly fif fhe Buchner 
funnel on each one. Obfain and record fhe mass for each wafch glass 
wifh fiber paper in Table 18.1. Place fhe fiber paper on fhe Al wafch 
glass in fhe Buchner funnel, and seal if wifh deionized (DI) wafer. 

3. Obfain approximafely 65 ml of a 0.500 M solufion of copper (II) 
sulfafe penfahydrafe. Dissolve 0.65 g of NaCl in fhis solufion. 

4. Pour 15 ml of fhis solufion info four 20 ml sample vials or medium 
fesf fubes fhaf will accommodafe a 0.5-inch-wide sample. Label fhem 
Al, Zn, Fe, and Sn. 

5. Obfain 1.0 x 0.5 inch fhin sfrips of aluminum, iron, fin, and zinc. 
Lighfly sand fhe surface using medium sand paper fo remove fhe 
oxidized layer. 

6. Place fhe aluminum sfrip info ifs labeled vial or fesf fube confain- 
ing fhe 0.500 M CuS 04 /NaCl solufion for exacfly 30 minufes. If fhe 
reacfion begins fo slow down since fhe copper mefal plafed on 
fhe aluminum becomes foo fhick, use a sfir rod fo genfly remove 
some of fhe copper while if is sfill in fhe solufion. 

7. Affer fhe aluminum mefal has reacfed for around 15 minufes, place 
anofher mefal info ifs vial or fesf fube and lef if reacf for 30 minufes. 
Confinue fo do fhis for fhe ofher fwo mefals, being sure fo space 
fhem abouf 15 minufes aparf since if will fake around 15 minufes fo 
process fhe samples affer fhey have reacfed for 30 minufes. 

8. When fhe aluminum has reacfed for 30 minufes, vacuum fiber fhe 
vial's confenfs immediafely. Use DI wafer fo rinse all of fhe copper 
mefal info fhe Buchner funnel. Use forceps or beaker fongs and a 
spafula fo scrape off fhe copper plafed on fhe aluminum onto fhe 
fiber paper seafed in fhe Buchner funnel. Remove any aluminum 
mefal pieces. 

9. Clean fhe copper mefal by rinsing if wifh fwo, 5 ml porfions of 1 M 
HCl. Caution: 1 M HCl is corrosive. Wash if off immediafely if some 
splashes on you. 

10. Rinse several fimes wifh DI wafer followed by 3 ml of efhanol fo 
speed up drying. Caution: Do nof drink! Efhanol used in fhe lab has 
poisonous sfabilizers added. Allow air fo be pulled fhrough fhe fiber 
paper and sample for a few minufes. 

11. Place fhe fiber paper wifh all of fhe copper mefal on fhe appropri- 
afe wafch glass and allow if fo dry. Be sure fo have fhis done and 
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the appropriate new piece of filter paper seated in the Buchner 
funnel before it is time to filter your next sample. 

12. Repeat steps 8-11 for each metal. 

13. Place the samples on the watch glasses in an oven set at 120°C and 
allow them to dry for about 10 minutes. Caution: Ethanol is flam- 
mable. Make sure the filter paper and its contents are almost dry 
before placing fhem in an oven. 

14. Remove the watch glasses with the copper metal using oven mitts 
and let them cool to room temperature. Caution: They will be hot! 
Do not touch until they have cooled. 

15. Obtain and record in Table 18.1 the masses of the copper, filter paper, 
and watch glass. Calculate and record the mass of the copper. 

Part 2: Anodizing niobium 

1. Prepare an electrolyte solution by placing approximately 10 g of 
Epsom salt into a 250 ml beaker. Add approximately 225 ml D1 water. 
Stir until well mixed. 

2. Obtain a 5-inch-long piece of 20-gauge Nb wire. Rub it gently with fine 
sand paper or a wet emery cloth, and then rinse with water. Wipe the 
surface of the wire with 70% isopropanol to remove any fingerprints. 

3. If you are using a commercial anodizing apparatus, proceed as 
directed by your instructor. If nof, obtain two lead wires that have 
alligator clips on both of their ends, 9 V batteries (six to nine), and a 
stainless steel lab scoop for the cathode. 

4. Assemble your anodizing apparatus as shown in Eigure 18.1. Do this 
by placing a stainless steel lab scoop against the inside of the beaker 
with the electrolyte solution. To keep it in place, you may use a small 
piece of duct tape to tape part of fhe upper portion of the cathode to 
the outside of fhe beaker. Make sure it will stay in place in the beaker. 

5. Attach one end of a lead wire from fhe cathode to the negative 
terminal of a 9 V battery. 




Stainless 
Steel Cathode 



Figure 18.1 Anodizing apparatus using a 9 V battery. 
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6. Connect the Nb wire to another lead wire and place it in the opposite 
side of the beaker across from the stainless steel cathode. Do not let 
it touch the cathode. Submerge the wire into the electrolyte solution 
as far as it will go while being very careful not to submerge the clip 
holding the wire. 

7. Connect the other end of the lead wire attached to the niobium wire 
to the positive terminal of the 9 V battery. Caution: Small electric 
shock possible. Do not touch any metal parts connected to the batter- 
ies, only touch plastic. Be sure to keep the wires, batteries, and your 
hands dry. Do not let the Nb wire touch the cathode. 

8. Leave the niobium wire in the solution connected to the battery for 
approximately 5-10 seconds in order to form a thin layer of niobium 
oxide. Disconnect the lead wire from the positive terminal of the bat- 
tery or turn off the anodizing apparatus. 

9. Remove the niobium wire from the solution and dry it with a 
KimWipe. Observe and record the color of the oxide film that is 
formed in Table 18.2 of next to 9 V. If the color has not changed, either 
the battery is dead or the wires were not connected properly. You 
will need to fix the problem and go back to step 7. 

10. If using 9 V batteries, push together the positive terminal of one 9 V 
battery and the negative terminal of another 9 V battery. Connect the 
lead wires as before to the correct open battery terminals. 

11. Lower the niobium wire into the electrolyte solution again. For a 
multicolor wire, submerge it approximately Vi inch less than the first 
time. 

12. Connect the other end of the lead wire attached to the niobium wire 
to the free positive terminal of the battery assembly or anodizing 
apparatus. If using an anodizing apparatus, turn it on to 18 V. 

13. Allow the wire to anodize for approximately 5-10 seconds as before. 
Disconnect the lead wire from the positive terminal of the battery or 
turn off the anodizing apparatus. 

14. Remove the niobium wire from the solution and dry it with a 
KimWipe. Observe and record the color of the oxide film that is 
formed in Table 18.2 next to 18 V. 

15. Continue to anodize your Nb wire by repeating steps 10-14, adding 
one 9 V battery each time. Use a total of six to nine 9 V batteries. 
(If using an anodizing apparatus, increase the voltage by 9 V each 
time.) Remember to not completely submerge the previous area of 
anodization each time you change the voltage. Also make sure the 
niobium wire and the cathode do not touch. 

Note: Adapted with permission from R S. Hill, 2005. Chemistry 

Collaborations, Workshops and Communities of Scholars, June 5-10, 2005. 

Millersville Universify, Millersville, PA. 
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Name 



Data 

Part 1: Determining electrochemical series 



Table 18.1 Data for Electrochemical Series Determination 



Metal 


Filter paper + 
watch glass (g) 


Filter paper + 
watch glass + 

copper (g) Copper (g) Observations 


Aluminum 

Iron 

Tin 

Zinc 






Part 2: Anodizing niobium 






Table 18.2 Color Obtained from Each Voltage Applied 


Voltage (V) 


Color 


Voltage (V) Color 


9 




54 


18 




63 


27 




72 


36 

45 




81 
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Observations 

Part 1: Determining electrochemical series 



Part 2: Anodizing niobium 
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Analysis 

1. Order by increasing strength the series developed from this lab 
based on the experimental values obtained. 



2. Look up and list the standard electrode potential in aqueous solution 
at 25°C for each mefal fesfed. Use Fe^+ for iron. Defermine if you have 
fhem in fhe correcf order. Do fheir sfandard pofenfial differences 
reflecf whaf you observed? Explain your answer. 



3. Use fhe elecfrochemical series, including sfandard elecfrode pofen- 
fials, fo explain why zinc profecfs iron and sfeel. 



4. Use Excel or anofher graphing program fo make a bar graph show- 
ing fhe grams of copper plafed versus fhe mefals used in Parf 1. 



5. Explain why increasing fhe volfage when anodizing fhe niobium 
mefal creafed a differenf color. 
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Think green 

1. In this lab, some copper ions remained in solution, so it cannot 
be disposed of without further treatment. Copper metal can be 
recycled. Develop a method to convert the copper ions into copper 
metal. If fime and resources permif, fry your idea. 

2. Explain how you could compare fhe corrosion resisfance befween a 
galvanized and an ungalvanized nail. If fime and resources permif, 
fry your hypofhesis. 

3. Consider fhe greenesf aspecf of using a sacrificial anode. Research 
how if works and some places if is being used. Wrife a summary 
abouf whaf you find ouf, and include which of fhe 12 principles of 
green chemisfry are posifively or negafively affecfed fhrough fhe 
use of sacrificial anodes. 

4. Research fhe benefifs of using recycled aluminum insfead of creaf- 
ing new aluminum. Which of fhe 12 principles of green chemisfry are 
posifively affecfed by recycling aluminum? Jusfify your answer. 



Presidential green chemistry challenge 

One mefhod used fo prevenf corrosion on vehicles is fo use a cafionic 
elecfrodeposifion primer, which has fradifionally been used wifh toxic 
heavy mefals. The Environmenfal Profecfion Agency (EPA) gave ifs 2001 
Presidenfial Green Chemisfry Award in fhe Designing Green Ghemicals 
category fo PPG Indusfries for developing a less toxic mefal primer fhaf 
uses yffrium. Look up intormafion abouf fhis award on EPAs website 
(www2.epa.gov/green-chemisfry) under challenge award winners and 
wrife a brief summary abouf how fhis fechnology ufilizes principles of 
green chemisfry. 
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Voltaic cells and how batteries 
are made 



You need to send a text message, but you forgot to 
charge your cell phone. You left the lights on in your 
car and now your car won't start. We depend on bat- 
teries every day, but how do they work? 

Electrochemistry plays a key role in producing greener vehicles. Producing 
greener, lower-cost electric, hybrid, and fuel cell vehicles requires finding 
ways to make more efficient, longer-lasting, and lower-cost batteries and 
fuel cells. Batteries are composed of volfaic cells connecfed togefher. A fuel 
cell requires a voltaic cell, but unlike a typical battery, the fuel must be 
continually replenished. In this lab you will investigate the fundamental 
principles of how volfaic cells work. 

When a strip of zinc metal is placed into a Cu^+ solution, a redox reac- 
tion occurs that results in copper metal plating out onto the zinc metal. 
The zinc is losing electrons to the copper ions, so electrons are being 
transferred, but none of the energy is being harnessed to do beneficial 
work. Fortunafely, there is a way to use this same reaction to get useful 
energy, and this is through constructing a voltaic, or galvanic, cell. For 
this reaction, a strip of zinc metal, called a zinc electrode, is first placed 
into a zinc salt solution and a copper electrode is placed into a copper salt 
solution, creating two half-cells. 

Next, these two half-cells must be connected in such a way that ions 
can flow befween the two half-cells. If only a wire is placed befween fhe 
fwo elecfrodes, there would be a buildup of posifive charge and elecfron 
flow befween fhe fwo half-cells would not occur. To keep the electrons 
flowing and producing an electric current, a salt bridge is inserted from 
fhe ZtV* solution in one half-cell fo the Cu^+ solution in the other half-cell. 
It allows for fhe passing of electrons between the solutions, and in turn 
the passing of fhe elecfrical charge. The two half-cell reacfions are 

Zn(,) ^ Zn2+(^q) + 2e- 

Cu2+(3q) + 2e- ^ CU(,) 
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Since oxidation occurs at the zinc electrode, it is called the anode. 
Reduction is occurring at the copper electrode, so it is called the cathode. 
When the two reactions are added, the voltaic cell reaction becomes 

Z%) + Cu2+(^q) ^ Zn2+(^q) + CU(,, 

In this voltaic cell reaction, the electrons cancel. If they did not, you 
would need to balance the equation so that they did. The half-cell poten- 
tials would not be affected. 

This voltaic cell is often depicted as 

Zn„,|Zn2-^(,q)| |Cu 

(aq) |Cu„ 

The single vertical line ( | )denotes a phase boundary, usually between 
a solid and a liquid, and the double vertical lines (| |) represent the salt 
bridge. It produces a charge that is moved through the wire from the 
anode to the cathode. This is called the potential difference and can be 
measured in volts using a voltmeter. The electromotive force (emf) of a 
voltaic cell is the maximum this can be and is designated E^c;/- The electro- 
motive force of a cell is concenfration, temperature, and pressure depen- 
dent. For this reason, standard electrode (or cell) potentials are obtained 
for standard conditions where concentrations are all 1 M aqueous solu- 
tions, gas pressure is 1 atm, and temperature is usually specified as 25°C 
and is designated as E°„/;. This can be calculated by adding the half-cell 
reaction's emf contributions. 

po _ po , po 

^ cell ^ oxidation ' ^ reduction 

For this example, they can be calculated using the values for 

zinc and copper ions shown below: 

Znfa^q) + 2e“ ^ Zn(s) E° = -0.76 V 

Cufaq) + 2e“ ^ Cu(s) E° = 0.34 V 

Since in the voltaic cell the Zn half-reaction is the reverse of what is 
shown, the negative of fhe listed value is used since 

po _ _CO 

^ oxidation ~ ^ reduction 

E°z, = -(-76V) = 76 

E°^^ii can now be calculated: 



E% = 0.34 V + 0.76 V = 1.10 V 



Chapter yimeteen: Voltaic cells and how batteries are made 



281 



Normally the experimental voltage obtained is less than the calcu- 
lated one. One reason is because energy is expended just moving current 
through the cell. 

As shown in the example voltaic cell, the maximum voltage is 1.10 V 
when using 1.0 M cathode and anode salt solutions. One way to increase 
the voltage is to place voltaic cells in series. The lead battery that starts a 
car is an example of six connected voltaic cells, with each cell producing 
about 2 V of potential. 

Potentials can also be changed by altering the molar concentrations 
of the cathode and anode salt solutions. When solute concentrations are 
not 1 M, the Nernst equation can be used to calculate the theoretical mea- 
sured cell potential. The Nernst equation is 

RT 

E=E° In Q 

nF 

where E is the measured cell potential, E° is the standard cell potential, 
R is the gas constant of 8.314 J/mole-K, T is temperature in K, n is the 
number of electrons transferred in fhe balanced reaction equation, F is 
the Faraday constant of 9.65 x 10'^ C/mole, and Q is the reaction quotient. 
In the zinc/copper voltaic cell example n is 2. Q equals [Zn^+]/[Cu2+] or 
1.0 M/1.0 M, since in the balanced reaction equation their coefficients are 
both 1 and the metals are not included. If in fhe balanced equation an 
ionic species has a coefficient other than 1, its molarity has an exponent of 
fhat coefficient. 

The Nernst equation is often simplified to what is shown below 
through substituting in the constants, converting to base 10 logarithms, 
and using a temperature of 298 K (25°C). 



F = F^- 0:0592 y 
n 



logQ 



In fhe first part of this lab you will construct three voltaic cells using 
iron, copper, and zinc half-cells with 0.10 M metal salt solutions. For the 
voltaic cells to work properly, you must first sand down the metals to be 
used as electrodes. This removes the outer oxide layer that forms naturally 
over time. Once the metals are sanded down, the half-cells are made by 
placing each metal into its appropriate corresponding ionic solution. Two 
half-cells will fhen be connected together through a salt bridge made from 
chromatography or filter paper strips soaked in KCl solution. After this, 
a voltmeter will be connected to the two metal electrodes and the voltage 
obtained. (See Figure 19.1.) 

In the second part of fhe lab, you will conned one of your volfaic cells 
in series fo other students' voltaic cells of fhe same combinafion and see 
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Figure 19.1 Apparatus. 



how adding additional voltaic cells affects the voltage obtained. In the 
final parf of fhe lab, you will see how varying fhe femperafure and fhe 
molar concenfrafions of fhe cafhode and anode mefal salf solufions will 
change fhe volfage readings. You will use fhe Nernsf equafion fo calculafe 
E for fhese differenf molarififes and compare fhese values fo your experi- 
menfal resulfs. 

Objective 

In fhis experimenf you will make differenf volfaic cells by alfering half- 
cell componenfs, fheir concenfrafions, and femperafure, and compare 
your experimenfal volfages fo fhe calculafed volfages. You all also conned 
Zn(,)|Zn%q)||Cu%q) I CU(;,) volfaic cells in series and compare your experi- 
menfal volfages fo fhe calculafed volfages. 
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Name 



Prelab questions 

1. Define anode and cathode. 



2. Identify the cathode, the anode, where oxidation occurs, and where 
reduction occurs for a voltaic cell made up of zinc and aluminum 
half-cells. Use the following half-cell reactions: 



AP-(,q) + 3e-^Al„) E° = -1.66 V 
Zn^+(3q) + 2e^ — ^ Zn(5) E° = -0.76 V 



Cathode: 



Anode: 



Where reduction occurs: 



Where oxidation occurs: 
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3. Using the information in problem 2, write the balanced cell reaction 
for a volfaic cell composed of zinc and aluminum half-cells. Also 
wrife fhe nofafion for this voltaic cell using phase boundary and salt 
bridge notation. Determine what battery voltage you should get for 
fhis volfaic cell af sfandard condifions. Show your calculafions. 

Volfaic cell reacfion: 



Volfaic cell nofafion: 



Baffery volfage at standard conditions: 



4. Use the Nernst equation to calculate the voltage you would expect 
to get for a volfaic cell af 25°C, 1 afm pressure, and made up of zinc 
and aluminum half-cells, using 0.1 M ion solution for bofh half-cells. 



5. Research and evaluafe fhe hazards for all chemicals you will be 
using. Sfudy fhe procedure and look for ofher possible hazards fhaf 
exisf. Lisf all hazards, including ones from chemicals. Whaf profec- 
five equipmenf will you need fo use? 
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Procedure 

Part 1: Determining reduction potentials 

1. Prepare salt bridges by first cutting eight strips of approximafely 
1.5 X 12 cm from paper chromafography paper or Whafman 40 filfer 
paper. The piece of filfer paper should be long enough fo go from fhe 
solufion in one 50 ml beaker fo fhe solufion in anofher 50 ml beaker 
while being draped over fhe middle. (See Figure 19.1.) 

2. Place fhe filfer paper sfrips in fhe boffom of a 150 ml beaker labeled 
KCl. Pour in approximafely 25 ml of 1 M KCl solution and allow them 
to soak until they are completely saturated. This should take about 
5 minutes. Remove and let them partially dry on a paper towel. They 
will need to be damp when used. 

3. Lightly sand the provided iron, copper, and zinc metal electrodes 
with sandpaper until they are shiny. 

4. Label three 50 ml beakers as Cu, Fe, and Zn. Use a 10 ml gradu- 
ated cylinder to measure out 10 ml of 0.1 M solution of CUSO 4 and 
pour fhe solufion info fhe beaker labeled Cu. Also pour 10 ml of 
0.10 M PeS 04 and ZnS 04 solufions info fheir corresponding beakers. 
Be sure fo clean fhe graduafed cylinder before measuring out a dif- 
ferent solution. 

5. Place the copper electrode in the beaker labeled Cu and lean it 
against the glass. Lean the iron and zinc electrodes in the same 
manner in beakers containing their respective solutions. See 
Figure 19.1. 

6 . Place the copper and iron half-cells nexf fo each ofher. Place one end 
of a KCl sail bridge in fhe 0.1 M CUSO 4 solufion and fhe ofher end in 
fhe 0.1 M PeS 04 solufion. Be sure fhe salt bridge is touching in both 
solutions. Let it sit for a few minufes fo sfabilize. 

7. Touch fhe leads of a volfmefer fo fhe copper and iron elecfrodes so 
fhaf a positive voltage to the hundredths place is obtained. Wait 
1 minute and check the voltage to make sure it has stabilized. Repeat 
until a stabile voltage is obtained. Record the stable voltage reading 
in Table 19.1. 

8 . Remove the leads and the salt bridge. Add a fresh damp salf bridge 
befween fhe zinc half-cell and fhe iron half-cell. Obfain a sfable volf- 
age reading and record if in Table 19.1. 

9. Repeat the process to obtain a voltage reading for a Zn(gj | Zn^+(gq) | 
|Cu 2 -(,q, I Cu(s) volfaic cell. Be sure fo use a fresh salf bridge. Record 
fhe voltage reading in Table 19.1. 
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Part 2: Connecting voltaic cells in series 

1. Place yours and another student's Znjg^jZn^+j^^jl | Cu^+^^qj | Cu(s) voltaic 
cells next to each other. 

2. Connect a wire with alligator clips on both ends from the copper 
electrode of one of fhe volfaic cells fo fhe zinc elecfrode of fhe ofher 
volfaic cell. 

3. Touch one lead of a volfmefer fo fhe ofher copper elecfrode and fhe 
ofher lead fo fhe ofher zinc elecfrode so fhaf a posifive volfage fo fhe 
hundredfhs place is obfained. Check fhe volfage every minufe unfil 
a sfable volfage is obfained. Record fhe volfage in Table 19.2. 

4. Confinue fo add in addifional volfaic cells in series in fhe same way. 
Take a sfable volfage reading each fime a volfaic cell is added and 
record fhe volfage in Table 19.2. 

Part 3: Reduction potentials at different temperatures 
and ion concentrations 

1. Place bofh half-cells of your \ \ \ Cu^+j^q, | Cuj^j in ice bafhs 

and lef fhe solufions cool fo abouf 0°C. Place a damp salf bridge 
befween fhe half-cells. Obfain fhe sfable volfage reading as before. 
Record fhe femperafure and fhe volfage reading in Table 19.3. 

2. Place bofh half-cells of your Znjg, | Zn^+j^q, 1 1 Cu^+j^q, | Cu(s) on a hof plafe 
and lef fhe solufions heaf fo abouf 50°C. Remove fhe half-cells using 
beaker fongs. Caution: The half-cells will be hof! 

3. Place a damp salf bridge befween fhe fwo half-cells. Obfain fhe sfa- 
ble volfage reading as before. Record fhe femperafure and fhe volf- 
age reading in fhe dafa secfion. 

4. Make a Znj^j | Zn^+j^qj 1 1 Cu^+j^qj | Cuj^) volfaic cell as before, only insfead 
use 0.001 M ZnS04 and 0.1 M CUSO4 solufions. Be sure fo use a new 
damp salf bridge. Obfain and record fhe sfable volfage reading in 
Table 19.3. 

5. Make a Znj^j | Zn^+j^qj 1 1 Cu^+j^qj | Ouj^, volfaic cell as before, only insfead 
use 0.1 M ZnS04 and 0.001 M CUSO4 solufions. Be sure fo use a new 
damp salf bridge. Obfain and record fhe sfable volfage reading in 
Table 19.3. 

6. Make a Znj^j | Zn^+j^qj 1 1 Cu^+j^qj | Guj^, volfaic cell as before, only insfead 
use 0.001 M ZnS04 and 0.001 M CUSO4 solufions. Be sure fo use a 
new damp salf bridge. Obfain and record fhe sfable volfage reading 
in Table 19.3. 

7. Pour all of fhe wasfe solufions info fhe appropriafe confainers as 
insfrucfed. Be sure fo place fhe copper solufions in a separafe con- 
fainer so fhaf fhe copper can be plafed ouf and recycled. 
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Name 



Data 

Part 1: Determining reduction potentials 

Table 19.1 Measured Reduction Potentials 

Voltaic cell Measured Predicted 

electrodes voltage (V) voltage (V) Percent error 

Cu and Fe 



Zn and Fe 



Cu and Zn 



Part 2: Connecting voltaic cells in series 

Table 19.2 Series Voltages 

Number of voltaic Measured Predicted 

cells voltage (V) voltage (V) Percent error 

2 

3 

4 

5 
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Part 3: Reduction potentials at different temperatures 
and ion concentrations 

Table 19.3 Voltages under Different Conditions 
Measured 

temperature Measured Predicted Percent 
Voltaic cell condition (°C) voltage (V) voltage (V) error 



50°C 

0.0010 M ZnS 04 and 
0.10 M CUSO 4 



0.10 M ZnS 04 and 
0.0010 M CUSO 4 



0.0010 M ZnS 04 and 
0.0010 M CUSO 4 



Observations 
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Calculations 

Part 1: Determining reduction potentials 

Predicted voltage calculations: 

Cu and Fe 



Zn and Fe 



Cu and Zn 



Percent error calculations (show an example calculation): 



% error = 



theoretical value - experiment value 
theoretical value 



Part 3: Reduction potentials at different temperatures 
and ion concentrations 

Predicted voltage for 0°C: 



xlOO 



Predicted voltage for 50°C: 
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Predicted voltage for 0.001 M ZnS 04 and 0.1 M CUSO 4 cell: 



Predicted voltage for 0.1 M ZnS 04 and 0.001 M CUSO 4 cell: 



Predicted voltage for 0.001 M ZnS 04 and 0.001 M CUSO 4 cell: 
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Analysis 

1. In this experiment, 0.1 M instead of 1.0 M metal ion solutions were 
used in Part 1. According to the Nernst equation, should this cause 
a significant difference from calculafed E°„;, values? Do you consider 
fhis an accepfable greener subsfifufion? Explain your answer. 



2. Do you consider your resulfs for Parf 1 accepfable? Whaf factors 
could have caused a difference befween your experimenfal values 
and fhe calculafed values? Explain your answer. 



3. Do you consider your resulfs for Parf 2 accepfable? Whaf factors 
could have caused a difference befween your experimenfal values 
and fhe calculafed values? Explain your answer. 



4. Did changing fhe femperafure of fhe volfaic cell significanfly alfer 
your volfage readings? Do you fhink any differences you observed 
would be considered accepfable for a purchased baffery? Explain 
your answer. 
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5. Did altering the concentrations of the voltaic cells significantly alter 
your voltage readings? Is this what was expected? Explain your 
answer. 
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Think green 

1. Many electrochemical cell experiments use 1.0 M Pb(N 03 ) 2 - Lead (II) 
nitrate is toxic, and a strong oxidizer. If 1 million general chemistry 
students each year use just 2 ml of 1.0 M Pb(N 03)2 to do an electro- 
chemical experiment, how much lead nitrate would end up needing 
to be processed as toxic waste? If you wanfed a sfandard pofenfial 
close fo Pb^+ for an elecfrochemical lab, whaf do you fhink would be 
a good greener alfernafive? If fime and resources permif, fesf your 
hypofhesis. 

2. Research lifhium ion bafferies and find ouf how fhey work and whaf 
makes fhem rechargeable. 

3. Vehicle manufacfurers are developing and infroducing elecfric, 
hybrid, and fuel cell automobiles. Research why fhese alfernafives 
are considered fo be greener fhan mosf gasoline engine vehicles? 
Relate your answer fo fhe 12 principles of green chemisfry. 



Presidential green chemistry challenge 

One of fhe major difficulfies in using fuel cells as a clean energy source fo 
power green vehicles is producing or storing hydrogen. The Environmenfal 
Profecfion Agency (EPA) gave ifs 2008 Presidenfial Green Chemisfry 
Award in fhe Small Business category fo SiGNa Chemisfry, Inc. for 
developing a mefhod fo sfabilize alkali mefals fhaf can be used fo obfain 
hydrogen from wafer for use in fuel cells. Look up informafion abouf fhis 
award on EPAs website (www2.epa.gov/green-chemisfry) under challenge 
award winners and write a brief summary abouf how fhis technology ufi- 
lizes principles of green chemisfry. 
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Synthesis and chemical analysis 
of sodium iron (III) EDTA 

One, two, three, four bonds! That's all the bonds an 
atom can make, right? The octet rule is responsible 
for this belief and works well until the transition 
metals are reached. Unlike carbon, transition metals 
form bonds to fill two shells of electrons. As a result, 
metals can form special bonds called coordination 
bonds that allow them to bond to more atoms, open- 
ing up a whole new type of chemistry: coordination 
chemistry. 

The field of coordination chemistry began with Alfred Werner. He noficed 
fhat fhere were different compounds that were only composed of cobalt 
(III) chloride and ammonia. He noted that it was very hard to remove 
the ammonia from fhe compound. He also noticed that adding the same 
amount of silver nitrate to the different compounds produced different 
amounts of silver chloride. This suggested that the cobalt and ammonia 
formed some sorf of charged complex wifh fhe chloride, and different 
complexes had different charges. Those complexes would form bonds fhat 
were strong enough to keep the complexed chloride from forming silver 
chloride. 

These complexes were found to be possible because of fhe unfilled 
d orbitals of fhe cenfral transifion metal atom. The metals fill fheir d orbitals 
by accepting entire electron pairs from other atoms or compounds. The 
electron pair donators in coordination chemistry are known as ligands. 
Some ligands donate one pair of electrons and are called monodentate 
ligands. An example of a monodentate ligand is ammonia. Those that 
donate more than one pair of electrons are called polydentate ligands. The 
hexadentate ligand EDTA donates six ligands and is commonly used in 
coordination chemistry. 

The central metal may also be negatively charged. When an anionic 
center bonds to multiple neutral ligands, a complex ion is formed. This 
is what happened in the example of cobalt (III) ammonia chloride. In 
other cases, water molecules will bond to metals. An example of this is 
the compound ferric ammonium sulfafe hexahydrafe. In this compound. 
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a charged complex consisting of six neutral waters and iron (ill) is made, 
which forms ionic bonds to the ammonium and the sulfate. 

When comparing the strength of ammonia-metal complexes to water- 
metal complexes, the ammonia-metal coordination bonds are stronger 
bonds. Just like replacement reactions with ionically bonded compounds, 
weak ligands can be removed from complexes by strong ligands. These 
substitution reactions lead to the formation of more stable complexes. 

One useful coordination compound is sodium iron (III) EDTA, and it 
is shown in Figure 20.1. It has uses as a fertilizer and as an iron supple- 
ment for the body. Iron (III) EDTA is a complexion with a charge of -1, so 
its charge is balanced by the sodium ion. There are multiple ways to make 
sodium iron (III) EDTA. The direct way of synthesis is to take a source of 
ferric ions and combine it with a stoichiometrically equivalent amount of 
EDTA. In this lab, ferric ammonium sulfate is used as a greener source 
of ferric ions for the reaction. Ferric chloride is commonly used as the 
ferric ion source. Like other ferric ion sources, they both have a weaker 
affinity for their water ligands than they do for EDTA. 

In this lab you will make sodium iron (III) EDTA using two different 
processes and compare them in terms of green chemistry. The first uses 
the direct method previously mentioned. Through this process you will 
study the green chemistry principle of real-time analysisfor pollution preven- 
tion. Often pollution can be prevented or greatly minimized when a reac- 
tion or process is continually monitored. There are various ways this can 
be done, and what is used depends upon the process. The first reaction 
can be monitored by pH. Knowing exactly when a reaction is completed 
prevents waste generated through the use of excess reactanfs and energy. 

In Parf 1 you will conducf a small frial run in order fo gef familiar wifh 
fhe process. The product will not be isolated. An indicator will be used to see 
the endpoint of the reaction in conjunction with a pH probe. It will be pos- 
sible to see the endpoint by color change and through monitoring the pH. 




Figure 20.1 Sodium iron (III)-EDTA complex. 
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The pH will slowly drop while the reaction is occurring, but it will start to 
increase once it is finished. An example of whaf a graph of this looks like is 
shown in Figure 20.2. The arrow shows when the reaction was completed. 
Although your pH meter may not provide a graph as shown, you should 
still be able to determine when the pH starts to increase. 

After seeing how to determine when the reaction is finished in Parf 1, 
you will synfhesize and isolafe a larger quanfity of sodium iron (111) 
EDTA in Part 2. While the color indicator you used in Part 1 made the 
endpoint visually apparent, it also adds a chemical that will later have to 
be removed. This generates waste, and green chemistry tries to reduce 
waste. To this end, you will eliminate the indicator since it is possible to 
note the endpoint of reacfion using only a pH probe. This allows for real- 
fime analysis wifhouf infroducing waste. 

In Part 3 you will make sodium iron (111) EDTA by first reacting ferric 
ammonium sulfate with ammonium acetate to produce the coordination 
compound ferric acetate. You will then produce sodium iron (III) EDTA 
by reacting the ferric acetafe wifh EDTA. The acefafe ligand forms a sfron- 
ger bond fo the iron than the water ligand, so the waters are replaced in 
this reaction. The acetate ligands are not stronger than EDTA, however, 
so when ferric acetate is reacted with EDTA, a replacement reaction will 
occur, forming sodium iron (III) EDTA. 

Af firsf you mighf wonder why this method is even being considered 
since it involves an extra step. The reason is that it initially uses a sol- 
ventless reaction, and less solvent means less waste. Solventless reactions 
have become an important facet of green chemistry. Generally solvent- 
less reactions involve crushing and mixing the reactants together to form 
another compound. 




Figure 20.2 Titration of ferric ammonium sulfate with EDTA. 



298 



Green chemistry laboratory manual for general chemistry 



So how can these two very different reactions be compared in terms of 
green chemisfry? Several differenf calculafions have been developed fo do 
fhis, and in fhis lab you will use fwo of them, atom economy and E-factor. 
Atom economy is calculated by determining the balanced reaction 
equation and then using the following equafion: 

. , molar mass of desired producf 

Atom economy = — — - — ^ x 100 

molar mass of all reactants 

The example already given in Chapter 3 for calculafing atom economy 
illustrates a single-step reaction, like you will do in Part 2, and is shown 
below: 



3CaCl2(aq) + 2K3P04(aq) Ca3(P04)2(s) + 6KCl(3q) 

Ca 3 (P 04)2 g/mol 



Atom economy = 
Atom economy = 



3 CaCl 2 g/mol + 2 K 3 PO 4 g/mol 
310.18 g/mol 



xlOO 



3(110.98 g/mol) + 2(212.27 g/mol) 



X 100 = 40.949% 



But how do you calculate the atom economy for a two-step or multi- 
step reaction like you will do in Part 3? For this, only the reactants of all 
fhe sfeps (nof the desired product(s) carried on to the next step or the final 
sfep) are added and used in the denominator. For example, to prepare 
ferric ammonium sulfate, the Fe^+ source you will use, the two-step reac- 
tion sequence shown below may be used: 

6FeS04 + 2HNO3 + 3H2SO4 ^ 3Fe2(S04)3 + 2NO + 4H2O 
3Fe2(S04)3 + 3(NH4)2S04 ^ 6NH4Fe(S04)2 
The atom economy is calculated as shown below: 

Atom economy 

6 NH 4 Fe(Sp 4)2 g/mol 

6 FeS 04 g/mol + 2 HNO 3 g/mol + 3 H 2 SO 4 g/mol + 3 (NH 4 ) 2 S 04 g/mol 



6(266.01) g/mol 

6(151.91 g/mol) + 2(63.01 g/mol) + 3(98.08 g/mol) + 3(132.1 g/mol) 



Atom economy = 92.36% 
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Although atom economy is very useful in determining how green a 
reaction is and comparing it to another reaction, it does omit some things 
that can make a significant difference, such as solvenf and cafalyst used. 
Since you are comparing a solventless reaction to one that uses solvent, 
the solvent should be considered. For this a different calculation, called 
the environmental (E) factor, may be used. The E-factor is the ratio of the 
mass of the total waste generated to the mass of fhe product obtained. An 
example, including the equation you will use to calculate the E-factor, is 
shown below. 

Example 1 

Calculate the E-factor if 1.456 g of NH 4 Ee(S 04)2 was made using 0.911 g 
EeS 04 , 0.126 g HNO3, 0.294 g H2SO4, 0.396 g (NH4)2S04, and 20.000 g of 
wafer fhaf was nof reclaimed. How would fhe E-facfor change if the reac- 
tion could be done solventless? 

E-factor„ithH 20 = total waste (g) /product (g) = 21.727 g/1.456 g = 14.92 
E-factor,„i^^„ti^^, = total waste (g)/product (g) = 1.727 g/1.456 g = 1.186 

As you can see, doing this example reaction solventless greatly 
improves the E-factor. A solventless reaction is especially useful when 
hazardous organic or toxic solvents are used. 

In this lab you will calculate the E-factor through weighing the chem- 
icals used and dividing by the product yield. An example is shown below. 

Example 2 

A student weighed a beaker and then added all of fhe reacfants into it. 
After the reaction was completed, the mass of fhe beaker wifh ifs confenfs 
was obfained. The mass of only the contents was determined to be 25.013 g. 
The beaker with its contents was heated until the product crystallized 
out. The product was then isolated through filtration using 5.000 g cold 
deionized (DI) water to rinse. The product mass was found fo be 1.234 g. 
Calculafe the E-factor. 



E-factor = 



25.013 g + 5.000 g 
^ 1.234 g 



24.32 



At the end of fhe second procedure, you may use a microwave to help 
grow crystals by heating the solution and to remove excess solvent. Using 
microwave technology in synthesis not only gives better energy efficiency. 
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but also has been found to work well for many reactions. Typically the 
reactions are faster and milder, so often a cleaner product is formed with 
higher yields. 

Reduce derivatives is one of the 12 principles of green chemistry. 
At times when synthesizing a particular molecule, certain chemicals, 
called protecting groups, are added to a part of a molecule. They keep 
that part from reacting while something is done to another part of the 
molecule. These protecting groups are then removed. Like the second 
method you will do in Part 3, this requires extra steps, which normally 
means using extra chemicals, energy, and time, which lowers the atom 
economy and increases the E-factor. It is better to look for ways to elimi- 
nate the need for protecting groups and reduce the number of steps 
required for the synthesis. 



Objective 

The purpose of this lab is to synthesize sodium iron (III) EDTA trihydrate 
from ferric ammonium sulfate and EDTA disodium salt by titration and 
by reaction with the intermediate ferric acetate formed in a solventless 
reaction. After successful syntheses, the two methods will be compared. 
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Name 



Prelab questions 

1. Define the terms coordination compound and coordination bond. 



2. How many milliliters of 0.20 M EDTA should it take to titrate 
0.0010 mole of ferric ammonium sulfate dodecahydrate? How many 
milliliters of 0.80 M EDTA should it take to titrate 0.0050 mole of 
ferric ammonium sulfate? 



3. How many grams is 0.0010 mole of NH 4 Ee(S 04)2 ■ I 2 H 2 O? How many 
grams is 0.0050 mole of NH 4 Ee(S 04)2 ■ I 2 H 2 O? 

0.0010 mole NH 4 Ee(S 04)2 • I 2 H 2 O = 



0.0050 mole NH 4 Ee(S 04)2 • I 2 H 2 O 
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4. Use the following simplified reacfion equafions fo calculafe the atom 
economy for Parts 2 and 3 of the procedure. 

Part 2: 



NH4pe(S04)2 -12H20 + CioHi4N2Na208 -2H20 



^ CioHi2N2NaPe08 -3H20 + NH^ + 2H* + 2SOi“ + Na^ + IIH 2 O 



Part 3: 

NH 4 pe(S 04 )2 • 12 H 2 O + 3 CH 3 CO 2 NH 4 
^ CgHgPeOe, + 4NHJ + 2SOl' + I 2 H 2 O 



C8H9pe08 + CioHi4N2Na208 • 2 H 2 O + H 2 O 



^CioHi 2 N 2 NaFe 08 - 3 H 20 + 3 CH 3 COi +2H" +Na" 



5. Research and evaluate the hazards for all chemicals you will be 
using. Study the procedure and look for other possible hazards that 
exist. List all hazards, including ones from chemicals. Whaf profec- 
five equipmenf will you need to use? 
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Procedure 

Part 1: Sample titration using an indicator 

1. Use a mortar and pestle to crush around 5.7 g of NH 4 Fe(S 04 ) 2 - I 2 H 2 O. 

2. Clamp a buret to a ring stand. Add a little over 10 ml of 0.20 M EDTA 
disodium solufion info fhe buref. Check for air bubbles and remove 
fhem. Make sure you have af leasf 10 ml of fifranf in fhe buref. Record 
your inifial reading in Table 20.1. 

3. Using your prelab calculafions, obfain approximafely 0.001 mole of 
NH 4 pe(S 04)2 • I 2 H 2 O and record fhe exacf mass. Place if in a 50 ml 
beaker, add 10 ml wafer, and mix unfil dissolved. A very small 
amounf may nof dissolve, buf if will nof maffer af fhis fime. Add 
fwo or fhree drops of salicylic acid indicator, nofing fhe deep purple 
color! 

4. Calibrate your pH mefer using pH 4 and 7 buffer solufions. Inserf 
fhe pH probe info fhe 50 ml beaker and make sure if is in fhe solufion 
far enough to be able to register fhe pH. You may add more wafer if 
needed. 

5. Keeping in mind your answer fo prelab quesfion 2, fifrafe fhe ferric 
ammonium sulfate wifh 0.20 M EDTA disodium. Add 1 ml aliquofs 
unfil you are getting close fo fhe expected endpoinf, and fhen add 
more slowly unfil fhe color changes. Be sure fo mix well befween 
addifions. Record fhe volume of fifranf added and fhe pH after each 
addifion in Table 20.1. 

6. Stop fifrafing when fhe solufion changes color fo a pale yellow and 
record fhe pH. Add anofher 0.5 ml of fifranf, mix, and record fhe 
fifranf volume and fhe pH. Describe whaf happened in fhe observa- 
fions secfion. 

7. Rinse fhe pH probe and clean fhe buref and beaker. 

8. Graph your dafa in a graphing program such as Excel wifh fhe pH on 
fhe y axis and fhe volume of fifranf on fhe x axis. Erom your graph, 
defermine fhe lowesf pH. This is when fhe reacfion had come fo 
complefion. Compare fhis fo fhe volume when fhe indicator changed 
color. 

Part 2: Formation of sodium iron (III) EDTA by titration 

1. Clamp fhe buref fo a ring sfand. This fime, fill fhe buref wifh 0.8 M 
EDTA disodium solufion. Using a higher molarify will speed up fhe 
fifrafion. 

2. Obfain and record fhe mass of a clean, dry 50 ml beaker in Table 20.2. 
Using your prelab calculafions, obfain approximafely 0.005 mole 
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NH 4 Fe(S 04)2 ■ I 2 H 2 O (FAS) into the beaker, and record the exact 
mass. Add 15 ml water and stir until dissolved. 

3. Place the pH probe again in the beaker, but this time do not add any 
salicylic acid indicator! The pH graph will serve as the indication to 
know when the reaction has ended. 

4. Titrate the NH 4 Fe(S 04)2 ■ I 2 H 2 O solution using the 0.80 M EDTA diso- 
dium titrant. When you are almost to the point where the reaction 
should end (according to prelab calculations), slowly titrate while 
mixing. Pay close attention to the pH. 

5. Stop titrating immediately when the pH starts to increase. Obtain 
and record the mass of the beaker and its contents. Calculate and 
record the content's mass. 

6 . Heat the solution on a hot plate until a precipitate forms. This will 
be when the solution is less than 10 ml. Stir occasionally. Note the 
amount of time the hot plate was turned on and the solution was 
heated. Allow the sodium iron (III) EDTA to completely precipitate 
out of solution. 

7. Set up a vacuum filtration apparatus using a filter flask and a small 
Buchner funnel. Preweigh a piece of Whatman 40 filter paper and a 
watch glass. Place the filter paper in the Buchner funnel and seat it 
with DI water. 

8 . Vacuum filter the solution. Rinse with small portions of ice cold 
water using approximately a total of 5 ml. Also rinse with 2-3 ml 
cold ethanol. Caution: Do not drink! Ethanol used in the lab has 
poisonous stabilizers added. Allow the vacuum to continue to run 
for a few minutes to help dry the product. 

9. Transfer the product and filter paper to the preweighed watch glass, 
and allow it to dry completely. Obtain and record the mass. 

10. Calculate the theoretical yield and your percent yield of sodium 
iron (III) EDTA trihydrate (CioHi 2 N 2 NaEeOg • 3 H 2 O). 

11. Use the contents mass found in step 5, 5.000 g as the mass of the 
rinse water, and the product mass to calculate the E-factor. Do not 
include the water used to seat the filter paper or the ethanol. 

Part 3: Formation of sodium iron (III) EDTA in solventless reaction 

1. Obtain the mass of a clean and dry 50 ml beaker. Using your prelab 
calculations, obtain approximately 0.005 mole of your previously 
crushed ferric ammonium sulfate in the beaker. Record the exact 
mass used in Table 20.3. 

2. Obtain 1.20 g ammonium acetate and place it into the beaker. 
Record the exact mass used. Make observations of what the solids 
look like separately. 
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3. Crush the two solids and mix them together with a stir rod for at 
least 3 minutes. Note the color change in the reaction and the appar- 
ent absorption of waters from fhe atmosphere forming a wet product. 

4. Dissolve the ferric acetate product in 15 ml D1 water. 

5. Measure out 2.0 g EDTA disodium salt and add it to the beaker. Record 
the exact mass used. Mix the solution well. The iron should react with 
the EDTA to form sodium iron (III) EDTA. Obtain and record the 
mass of the beaker with its contents. Calculate and record the con- 
tent's mass. 

6. Heat the solution in a microwave oven at 15-30 second intervals 
until a precipitate forms. Use a hot plate to heat the solution only if a 
microwave oven is not available. Note the amount of time the micro- 
wave oven (or hot plate) was turned on and the solution was heated. 
Let the solution sit to allow the product to completely precipitate out 
of solution. 

7. Set up a vacuum filtration apparatus using a filter flask and a funnel. 
Preweigh a piece of Whatman 40 filter paper and a watch glass. Place 
the filter paper in the Buchner funnel and seat it with DI water. 

8. Vacuum filter the solution. Rinse with 5 ml ice cold water and 3 ml 
cold ethanol. Caution: Do not drink! Ethanol used in the lab has 
poisonous stabilizers added. Allow the vacuum to continue to run 
for a few minutes to help dry the product. 

9. Transfer the product and filter paper to the preweighed watch glass 
and allow it to dry completely. Obtain and record the mass. 

10. Calculate the theoretical yield and your percent yield of sodium 
iron (III) EDTA trihydrate (CioHi2N2NaEeOg • 3H2O). 

11. Use the contents mass found in step 5, 5.000 g as the mass of the 
rinse water, and the product mass to calculate the E-factor. Do not 
include the water used to seat the filter paper or the ethanol. 
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Name 



Data 

Part 1: Sample titration using an indicator 

Mass of NH 4 Fe(S 04)2 ■ I 2 H 2 O: 



Table 20.1 Initial Titration Using an Indicator 



Milliliters of 
0.20 M 
EDTA added 


pH 


Color 


Milliliters 
of 0.20 M 
EDTA 
added 


pH 


Color 


0.00 



1.00 

2.00 
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Part 2: Formation of sodium iron (III) EDTA by titration 

Table 20.2 Data for Formation of Sodium Iron (III) EDTA by Titration 



Mass of 50 ml beaker (g): FAS used (g): 


FAS used (mole): 


Calculated (prelab) EDTA used (ml): 

necessary EDTA (ml): 


Mass of 50 ml beaker 
plus contents: 


Beaker contents mass (g): EDTA used (mole): 


Time hot plate was on: 


Filter paper (FP) mass (g): Watch glass (WG) mass (g): 


Product + FP + WG 
mass (g): 


CioHijNjNaFeOg-SH^O 

produced (g): 


CioHijN^NaFeOg-SHjO 
produced (mole): 



Theoretical yield: 



Percent yield: 
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Part 3: Formation of sodium iron (III) EDTA in solventless reaction 

Table 20.3 Data for Solventless Reaction 



Mass of 50 ml beaker (g): FAS used (g); 

Ammonium acetate EDTA used (g): 

used (g): 


FAS used (mole): 


Mass of 50 ml beaker Mass of beaker contents (g): 

plus contents (g): 


Time microwave (or 
hot plate) was on: 


Filter paper (FP) mass (g): Watch glass (WG) mass (g): 


Product + FP + WG 
mass (g): 


CioHijNjNaFeOg-SHjO 

produced (g): 


CioHijNjNaFeOg-SHjO 

produced (mole): 


Theoretical yield: 


Percent yield: 



Observations 
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Calculations 

Part 2: Formation of sodium iron (III) EDTA by titration 
Percent yield; 



E-factor: 



Part 3: Formation of sodium iron (III) EDTA in solventless reaction 
Percent yield: 



E-factor: 



Chapter twenty: Synthesis and analysis of sodium iron (III) EDTA 



311 



Analysis 

1. What green chemistry principles are explored in this lab? 



2. From your graph in Part 1, determine the lowest pH. This is where 
the reaction came to completion. Evaluate and compare this pH to 
the pH when the indicator changed color. 



3. Which lab procedure gave a better percent yield? Did the introduc- 
tion of an intermediate step in Part 3 lower the yield significantly for 
fhe solventless reaction? 



4. Which lab procedure has a better atom economy? Which one has a 
better E-factor? Which method of analysis is a beffer comparison for 
how the two procedures performed? Explain your answer. 
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5. Compare the amounts of time each lab procedure needed to have a 
hot plate or microwave on. Assuming the watts per hour for a micro- 
wave and a hof plafe are comparable, which one was more energy 
efficienf? Energy efficiency was not considered in your atom econ- 
omy or E-factor calculations. How major a factor is this when com- 
paring the two procedures in terms of green chemisfry? 



Chapter twenty: Synthesis and analysis of sodium iron (III) EDTA 



313 



Think green 

1. Coordination compounds have many uses in a variety of fields, 
including mefallurgy and various biomolecules. Research one coor- 
dinafion compound and describe ifs uses, how if is generally made, 
and how much of if is needed in a year. 

2. Afom economy calculafions are normally done wifhouf fhe consid- 
erafion of fhe solvenf. One of fhe reasons for fhis is fhaf solvenfs can 
offen be purified and recycled. Research fhe cosf of purifying wafer. 
Why mighf a solvenfless reacfion be considered greener? 

3. Differenf green chemisfry mefrics have been developed fo help 
evaluafe chemical processes, including fhe fwo you sfudied in fhis 
lab: afom economy and E-facfor. Research differenf green chemisfry 
mefrics. Which do you fhink would be mosf effecfive fo evaluafe fhe 
procedures used in ferms of green chemisfry? Explain your answer. 

4. Research commercially available microwave reactors and how fhey 
are used in chemical synfhesis. Why mighf using a microwave reac- 
for be considered greener? 



Presidential green chemistry challenge 

In fhis lab you used a solvenfless reacfion. The Environmenfal Profecfion 
Agency (ERA) gave ifs 2009 Presidenfial Green Chemisfry Award in fhe 
Green Synfhefic Pafhways cafegory fo Easfman Chemical Company for 
developing a solvenf-free process fo produce esfers used in cosmefics and 
personal care producfs. Look up intormafion abouf fhis award on EPA's 
website (www2.epa.gov/green-chemisfry) under challenge award win- 
ners and wrife a brief summary abouf how fhis process ufilizes principles 
of green chemisfry. 
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from canola oil 



Every day, countless amounts of nonrenewable fossil 
fuels are burned to run vehicles around the world. 
Finding a renewable energy source may be the most 
important task presently facing chemisfs. 



Creafion of a cost-effecfive and greener alfernative fuel is a major focus 
of science foday. One of the more often used greener fuels is biodiesel. 
It is made from new or used vegefable oils and animal fats, and is biode- 
gradable and nontoxic. This means it meets the criteria for several of fhe 
12 principles of green chemisfry, including the use of renewable feedstock 
and design for degradation. 

Biodiesel synthesis falls under one of fhe major subdisciplines of 
chemistry called organic chemistry. Organic chemistry studies organic 
compounds that are almost all of fhe molecules thaf confain carbon. 
Organic molecules are classified according to their functional groups. 
A functional group is simply a specific grouping of atoms thaf behave in 
a characterisfic manner. In fhis lab, you will synthesize biodiesel by react- 
ing the organic compounds of methanol and triglycerides. Triglycerides 
are the main component of animal fats and vegetable oils. Methanol is an 
alcohol since it has an -OH functional group bonded to its carbon atom. 
A triglyceride has three ester functional groups, and each one will react 
with one methanol molecule. A generic ester functional group is shown 
below: 



R is used in organic chemistry to represent a general organic group. 
It could simply be a -CH3, or it could be a much larger, more complex 
group. It can even have other atoms besides carbon and hydrogen in 
its structure, but the atom first bonded in an R group is always carbon. 
Organic chemists often do not draw every carbon or hydrogen atom. 
A carbon is represented with two lines coming together at an angle. 



O 
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as shown in Figure 21.1. It is understood that the correct number of 
hydrogens that will give the carbon atoms four bonds is present. 

The simplest way to produce biodiesel uses what is called a transester- 
ification reaction. In this particular reaction, a base catalyst (KOH) is used 
to convert the triglycerides into three smaller separate ester molecules, 
with each one ending in a -OCH3. A molecule of glycerol, a trialcohol, is 
also formed as a by-product. This is a reversible reaction, so excess meth- 
anol is added to drive the reaction toward the product. The reaction is 
shown in Figure 21.1. 

Any water in the process promotes soap making (via saponification) 
and inhibits transesterification. This means the methanol used must be 
dry and the KOH weighed out quickly since it is hygroscopic. 

On the other side of the ester functional group is a long chain made up 
of carbon atoms bonded to each other and to hydrogen atoms. This long 
chain varies between molecules in any oil, so the density and molar mass 
of the triglycerides in oils and animal fat are averages of many molecules. 
Figure 21.1 shows a molecule of canola oil undergoing a transesterification 
using the most common carbon chain found in canola oil. 

Additionally, one of the more recent focuses in organic chemistry 
has been the attempt to make reactions more energy efficient. Most bio- 
diesel syntheses require the use of eifher a hot plate or a microwave. In 
this lab, you will see if biodiesel can be made wifhout heating. Instead 
of heating, you will simply shake the reaction vessel for three 5-minute 
intervals of time. 

Glycerol and methanol have very different densities. Methanol has a 
low density of 0.79 g/ml and will lie on top of the oil in the beginning of 
fhe reaction to make biodiesel, since oil has a density of around 0.92 g/ml. 
Glycerol is denser at 1.26 g/ml and will settle to the bottom once formed. 
In this lab, a small quantity of red food coloring is added fo the methanol 
to allow for visualization of the reaction's progress. The coloring is always 
found in either the glycerol- or methanol-containing layers. As biodiesel 




Figure 21.1 Reaction of canola oil with methanol to form biodiesel. 
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is produced, so is glycerol. This causes some of the red color that begins 
at the top of the solution to begin to sink to the bottom. By the end of the 
reaction, the methanol present in the solution is dissolved in the colored 
glycerol layer at the bottom of the container. 

In this lab, you will determine how much oil was converted to 
biodiesel by two different methods and compare the results. In the first 
method, you will use the methanol test. It tells how completely the oil 
was converted to biodiesel. This test takes specified amounts of biodiesel 
and methanol, mixes the two together, and lets the solution settle into 
layers for a certain amount of time. Because oil is not soluble in methanol, 
any unreacted oil will settle within the allotted time to the bottom of the 
methanol test. From knowing the volume of the unreacted oil, you can 
calculate the volume and moles of reacted oil. 

In the second method you will determine the amount of glycerol 
formed through measuring the density of the glycerol layer. Since the 
glycerol layer will consist of unreacted methanol and glycerol, its den- 
sity can be used to determine how much glycerol is present. To do this, 
you must prepare a calibration curve for percent glycerol versus density. 
This will be made by first determining the density of a 50/50 methanol/ 
glycerol mixture. A three-point calibration curve will then be prepared by 
using the determined density of the mixture and the known densities of 
methanol and glycerol. The percent glycerol will be determined from the 
trendline equation. You will then be able to calculate how many millili- 
ters and how many moles of glycerol were made. Since there are 3 moles 
of biodiesel formed for every 1 mole of glycerol, an approximate percent 
yield can be calculated. 

After the biodiesel is made, it must be rinsed with water to remove 
the KOH. A strong base in a vehicle's engine will do major damage. 
The pH of the rinses will be monitored to determine the effectiveness 
of the rinses. As water flows through the biodiesel and the pH changes, 
some soap that is present as an impurity may become visible. This is obvi- 
ously an unwanted contaminant and would need to be removed before 
the biodiesel could be used. 

There are other analytical tests that should be run on produced bio- 
diesel to determine if it is ready for use. The biodiesel produced in this 
lab would pass some tests, but fail others, so it should not be used in a 
vehicle! 



Objective 

The purpose of this lab is to produce biodiesel from methanol and canola 
oil using a heatless reaction and then to analyze the biodiesel, making 
use of a methanol test and a calibration curve to determine percent glyc- 
erol obtained. 
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Name 



Prelab questions 

1. Describe what biodiesel is and why the production of biodiesel is 
significant. 



2. Calculate the theoretical yield of biodiesel to be produced in this lab 
if all 9.50 ml of canola oil is converted into biodiesel. Use 880 g/mole 
for the average molar mass of a canola oil molecule and 297 g/mole 
as the average molar mass of a molecule of biodiesel (0.92 g/ml is 
fhe average densify of canola oil and 0.87 g/ml is fhe average density 
of biodiesel). 



3. A small amount of red food coloring is added to the methanol/KOH 
solution. What should happen to the location of the red color over 
the course of fhe reaction? 



4. Research and evaluate the hazards for all chemicals you will be 
using. Study the procedure and look for ofher possible hazards fhat 
exist. List all hazards, including ones from chemicals. What protec- 
tive equipment will you need to use? 
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Procedure 

Part 1: Synthesis of biodiesel 

1. Obtain approximately 9.5 ml canola oil in a clean and dry 10 ml 
graduated cylinder. Record the exact amount of canola oil obtained 
in Table 21.1. Calculate the number of moles of canola oil fhis is. 
Use 880 g/mole for fhe average molar mass of a canola oil molecule. 

2. Add fhe canola oil info a 15 ml conical plasfic cenfrifuge fube. Be sure 
fo give if adequafe fime fo drain info fhe cenfrifuge fube. Use fhe aver- 
age molar mass of a canola oil molecule and fhe average densify of 
canola oil given in prelab quesfion 2 fo calculafe fhe grams and moles 
of canola oil obfained. 

3. Acquire 3.50 ml of red mefhanol/KOH solufion in fhe 10 ml grad- 
uafed cylinder used fo obfain fhe canola oil. Be sure you obfain 
3.50 ml of fhe red mefhanol/KOH solufion in addifion fo any residual 
canola oil. Add fhis fo fhe cenfrifuge fube and place fhe cap securely 
on fhe fube. 

4. Shake fhe cenfrifuge fube vigorously for 5 minufes. Shake if in 
differenf ways and direcfions fo avoid cafching any of fhe solufion 
in fhe fip of fhe cenfrifuge fube. 

5. Place fhe cenfrifuge fube in a cenfrifuge, and balance if using a 
counferweighf. Run fhe cenfrifuge for 30 seconds. Defermine and 
record fhe volume of fhe glycerol layer, which is fhe red boffom 
layer. 

6. Repeal sfeps 3-5 fwo addifional limes. All of fhe red should be 
af fhe boffom of fhe cenfrifuge fube. If if is nof, repeal sfeps 3-5 
unfil if is. 

7. Carefully pour all of fhe confenfs of fhe cenfrifuge fube info a 25 ml 
buref. Allow exfra drain fime if needed. Lef fhe biodiesel resf for 
af leasf 5 minufes fo allow if fo drain off fhe sides of fhe buref and 
seffle info fwo disfincf layers. Defermine and record in Table 21.1 
fhe quanfify of fhe fop biodiesel layer. 

Part 2: Calculation of yield using glycerol calibration curve 

1. Carefully drain down fhe red boffom (glycerol) layer fo fhe end 
of fhe fip of fhe buref. A very small amounf of only fhe red bof- 
fom layer may need fo be drained info a wasfe beaker fo remove air 
bubbles. Add fhis back info fhe buref and allow if fime fo seffle fo fhe 
boffom. 

2. Obfain a buref reading af fhe fop of fhe biodiesel fo fhe hundrefh's 
place. Record fhis value as buref reading 1 in Table 21.2. 

3. Obfain and record fhe mass of a small fesf fube. 
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4. Drain approximately 1.0 ml of the red bottom layer into the 
preweighed test tube. Obtain a buret reading at the top of the bio- 
diesel to the hundreth's place, and record it as buret reading 2. 

5. Determine and record exactly how much red bottom layer was 
drained into the test tube by subtracting buret reading 2 from 
buref reading 1. Do nof gef any of the top biodiesel layer into the 
test tube. 

6. Obtain and record the mass of fhe fesf fube with the red bottom 
layer. This can be accomplished by taring a small beaker on the bal- 
ance and then placing the test tube in it and obtaining the mass. 
Calculate and record the mass of fhe contents. 

7. Calculate and record the red bottom layer's density. 

8. Carefully drain fhe rest of fhe red boftom layer into a waste beaker. 
Obtain and record the volume reading of the biodiesel on the buret 
as buret reading 3. Subtract this from buref reading 1 fo determine 
the volume of fhe red boffom layer. Enfer fhis volume under "Tofal 
volume of red boffom layer." 

9. Obfain and record fhe mass of anofher small fesf fube. Info this 
test tube drain 2.0 ml of provided 50/50 glycerol/methanol solution 
located in a buret. Record the exact volume obtained. 

10. Obtain and record the mass of fhe fesf fube wifh the glycerol/ 
methanol solution, and calculate the mixture's density in g/ml. 

11. The densities of glycerol and methanol are 1.261 and 0.791 g/ml, 
respectively. Use these densities and the density you determined for 
fhe 50/50 glycerol/methanol solufion to create a calibration curve 
that compares percent glycerol to density. Record the equation of fhe 
line of besf fif. 

12. Using the equation of the line, calculate the percent glycerol by 
volume in the red layer. Do this by inserting the density of the glyc- 
erol layer that was calculated in step 7 into the equation. 

13. Use the percent glycerol by volume to calculate the milliliters of 
glycerol presenf in the red layer. Do this by multiplying the total 
volume of fhe red layer by the percent glycerol by volume. 

14. Calculate the moles of glycerol produced, using 1.261 g/ml as fhe 
density and 92.09 g/mole as the molar mass. From this, determine the 
moles of biodiesel produced. Nexf, use this and the moles of canola 
oil used fhaf was calculafed in Part 1 to determine the percent yield. 
Remember you get 3 moles of biodiesel for every 1 mole of glycerol. 

Part 3: Methanol test and product yield by reacted oil 

1. Drain a small amounf of fhe biodiesel into the waste beaker to be 
sure pure product will be used in the methanol test. 

2. Drain 1.25 ml biodiesel into a 15 ml plastic centrifuge fube. 



Chapter twenty one: Analysis of biodiesel synthesized from canola oil 323 



3. Add 11.25 ml methanol into the centrifuge tube. Shake vigorously 
for 30 seconds. Allow the contents of fhe fube to settle out for exacfly 
5 minufes. 

4. Use fhe markings on the centrifuge fube to determine as close as 
possible the amount of undissolved maferial fhat collecfs on the bot- 
tom. Record this value in Table 21.3. You may need to look at the 
markings on an empty centrifuge fube fo be able fo defermine this. 
For every 0.050 ml that is undissolved, 4.0% of the oil was unreacted. 
Use this information to calculate how much canola oil reacted in this 
process. 

5. Calculate the yield in moles of biodiesel from fhe amounf of reacfed 
canola oil. Use fhe density and molar mass values given in question 2 
of fhe prelab. Remember you gef 3 moles of biodiesel for every 1 mole 
of oil. Use fhis and fhe moles of canola oil used fhaf was calculafed 
in Parf 1 fo defermine fhe percenf yield. 

Part 4: Water rinses 

1. Pour 1 ml of deionized (DI) wafer info the top of fhe buref and lef if 
seffle to the bottom. After the water settles out, drain it into a clean 
waste beaker. Use pPl paper to determine the pPl of fhe rinse wafer. 

2. Rinse fhe biodiesel four more fimes wifh 1 ml porfions of Dl wafer. 
Each fime, fake fhe pPl of fhe rinse wafer as if is draining from fhe 
fip of fhe buref, and nof of the mixture of rinses in fhe wasfe beaker. 
If any soap forms, if can be removed lafer using a spafula. 

3. Record the pPI of the wastewater for each rinse in Table 21.4. 
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Name 



Data 

Part 1: Synthesis of biodiesel 



Table 21.1 Data for the Synthesis of Biodiesel 
Canola oil (ml): Canola oil (g): 

Canola oil (mole): Volume of biodiesel layer in buret (ml): 



Part 2: Calculation of yield using glycerol calibration curve 

Table 21.2 Data for Calculating the Yield Using the Glycerol Calibration Curve 



Buret reading 1 (ml): 


Buret reading 2 (ml): 


Volume of red bottom 
layer in test tube (ml): 


Mass of empty test tube 
in step 3 (g): 




Mass of test tube with red 
bottom layer (g): 


Mass of red bottom layer 
in test tube: 




Density of red bottom 
layer (g/ml): 


Buret reading 3: 




Total volume of red 
bottom layer: 


Mass of empty test tube 
in step 9 (g): 


Mass of test tube with 
50/50 mixture (g): 


Mass of 50/50 mixture (g): 


Volume of 50/50 mixture 
(ml): 




Density of 50/50 mixture: 


Equation of line: 




% glycerol by volume in 
red bottom layer: 


Actual volume of glycerol: 


Moles glycerol: 


Moles biodiesel produced: 


Biodiesel yield (g): 




% yield of biodiesel: 



326 



Green chemistry laboratory manual for general chemistry 



Part 3: Methanol test and product yield by reacted oil 

Table 21.3 Data for the Methanol Test 

Volume of undissolved material in % unreacted oil: 

methanol test (ml): 

Volume of unreacted canola oil (ml): Volume of reacted canola oil (ml): 



Moles of reacted canola oil: 



Moles of produced biodiesel: 



Yield of biodiesel in grams: 



% yield of biodiesel: 



Part 4: Water rinses 

Table 21.4 Data for the Water Rinses 



Table rinses 


1 


2 


3 


4 


5 


pH 













Observations 
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Calculations 

Part 1: Synthesis of biodiesel 

Moles of canola oil: 



Part 2: Calculation of yield using glycerol calibration curve 

Density of red layer: 



Percent by volume glycerol: 



Volume of glycerol: 



Moles of glycerol: 
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Moles of biodiesel: 



Biodiesel yield (g): 

(Use 297 g/mol for biodiesel's molar mass.) 



Percent yield using glycerol layer density: 



Part 3: Methanol test and product yield by reacted oil 

Percent unreacted oil: 



Volume reacted oil: 
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Moles of reacted canola oil: 



Moles of produced biodiesel: 



Biodiesel experimental yield (g): 



Percent yield using methanol test: 
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Analysis 

1. What green chemistry principles were utilized in this lab? 



2. How similar were the two calculated percent yields? Do you con- 
sider this acceptable? Explain your answer. 



3. How effective was the water rinse at reducing the pH of the bio- 
diesel? Commercial biodiesel needs to be at a neutral pH. Was the 
biodiesel made neutral? 
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Think green 

1. How do you think you could improve your yield or make this reac- 
tion greener? If time and resources permit, test your hypothesis. 

2. Research the difficulties of commercially using fhe glycerol by- 
producf obfained from biodiesel producfion. Find common uses 
for fhe glycerol by-producf, and explain in ferms of green chemisfry 
fhe imporfance of having a use for fhe by-producfs of fhis reacfion. 

3. Ofher alfernafives fo fhe fuel crisis exisf. Research and wrife a sum- 
mary of anofher pofenfial means of replacing gasoline. 



Presidential green chemistry challenge 

In fhis lab you synfhesized biodiesel from vegefable oil, a renewable 
resource. The Environmenfal Profecfion Agency (EPA) gave ifs 2009 
and 2010 Presidenfial Green Chemisfry Awards in fhe Small Business 
cafegory fo Virenf Energy Sysfems, Inc. and LS9, Inc., respecfively, for 
mefhods fo converf nafural producfs info fuels and ofher chemical prod- 
ucfs. Look up informafion abouf one of fhese awards on EPA's websife 
(www2.gov/green-chemisfry) under challenge award winners and wrife 
a brief summary abouf how fhis fechnology ufilizes principles of green 
chemisfry. 
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Green chemistry involves designing novel ways to create and synthesize products and 
implement processes that will eliminate or greatly reduce negative environmental 
impacts. The Green Chemistry Laboratory Manual for General Chemistry provides 
educational laboratory materials that challenge students with the customary topics 
found in a general chemistry laboratory manual, while encouraging them to 
investigate the practice of green chemistry. 

Following a consistent format, each lab experiment begins with objectives and 
prelab questions highlighting important issues that must be understood prior to 
getting started. This is followed by detailed step-by-step procedures for performing 
the experiments. Students report specific results in sections designated for data, 
observations, and calculations. Once each experiment is completed, analysis questions 
test students’ comprehension of the results. Additional questions encourage inquiry- 
based investigations and further research about how green chemistry principles 
compare with traditional, more hazardous experimental methods. By placing the 
learned concepts within the larger context of green chemistry principles, the lab 
manual enables students to see how these principles can be applied to real-world 
issues. 

Performing laboratory exercises through green experiments results in a safer 
learning environment, limits the quantity of hazardous waste generated, and reduces 
the cost for chemicals and waste disposal. Students using this manual wiU gain a 
greater appreciation for green chemistry principles and the possibilities for future 
use in their chosen careers. 
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